This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 


Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 


BLACK BORDERS 

TEXT CUT OFF AT TOP, BOTTOM OR SIDES 
FADED TEXT 
ILLEGIBLE TEXT 
SKEWED/SLANTED IMAGES 
COLORED PHOTOS 

BLACK OR VERY BLACK AND WHITE DARK PHOTOS 
GRAY SCALE DOCUMENTS 


IMAGES ARE BEST AVAILABLE COPY. 


As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 


PATENT 


IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 


In re Application of: 

Paul C. Anderson et al 

Serial No.: 09/732,439 

Filed: December 7, 2000 


For: TRANSGENIC MAIZE WITH 

INCREASED PROLINE CONTENT (AS 
AMENDED) 



Group Art Unit: 1638 
Examiner: Cynthia E. Collins 
Atty.Dkt.No.: DEKM:184USD1 


CERTIFICATE OF MAILING 
37C.F.R.§1.8 

I hereby certify that this correspondence is being deposited with the 
U.S. Postal Service as First Class Mail in an envelope addressed to: 
Commissioner for Patents, P.O. Box 14gfc Alexandria, VA 22313- 
1450, on the date below: 

March 12. 2004 
Date 



BRIEF ON APPEAL 


03/17/2004 AUOHDftFl 00000042 09732439 

01 FC:1402 330.00 OP 


25380829.1 


TABLE OF CONTENTS f ^ 1$ 2KW Si 

I. REAL PARTIES IN INTEREST 3 

II. RELATED APPEALS AND INTERFERENCES 3 

III. STATUS OF THE CLAIMS 3 

IV. STATUS OF AMENDMENTS 3 

V. SUMMARY OF THE INVENTION 4 

VI. ISSUES ON APPEAL 4 

VII. GROUPING OF THE CLAIMS 4 

VIII. SUMMARY OF THE ARGUMENT 5 

IX. ARGUMENT 6 

A. The Written Description Rejection Was Improperly Maintained 6 

B. The Enablement Rejection Was Improperly Maintained 8 

C. The Indefiniteness Rejections Were Not Properly Maintained 10 

D. The Anticipation Rejection Was Not Properly Maintained 1 1 

E. The Obviousness Rejection Was Not Properly Maintained 14 

X. CONCLUSION 15 

APPENDIX 1: Appealed Claims 
APPENDIX 2: Exhibits 

Exhibit A —U.S. Patent No. 5,344,923 

Exhibit B — Huet al., (PNAS 89:9354-9358). 

Exhibit C — U.S. Patent No. 6,281,41 1 

Exhibit D — U.S. Patent No. 5,780,709 

Exhibit E — Barnettftf a/. {Plant Phys., 41:1222, 1966) 

Exhibit F — Wyn Jones and Storey {Physiology and Biochemistry of Drought Resistance 

in Plants, Ch. 9, p. 171-204, Academia Press, Australia, 1981) 
Exhibit G — McCue and Hanson (TIBTECH, 8:358-362, 1990) 
Exhibit H — Van Rensberg et al. {J. Plant. Physiology, 141:1880194, 1993) 
Exhibit I — U.S. Patent No. 5,639,950 

Exhibit J — Rayapatiefa/. {Plant Physiology, 1989,91:581-586) 


25380829.1 


i 


PATENT 

AND TRADEMARK OFFICE 

Group Art Unit: 1638 
Examiner: Cynthia E. Collins 
Atty. Dkt. No.: DEKM:184USD1 


BRIEF ON APPEAL 

Mail Stop Appeal Brief - Patents 

Commissioner for Patents 
P.O. Box 1450 

Alexandria, VA 22313-1450 
Sir: 

Appellants hereby submit an original and two copies of this Appeal Brief in response to 
the Final Office Action dated September 9, 2003. This Brief is filed pursuant to the Notice of 
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PETITION FOR EXTENSION OF TIME 

Pursuant to 37 C.F.R. § 1.136(a), Appellants petitions for an extension of time of one 
month to and including March 12, 2004, in which to file this Appeal Brief. Pursuant to 37 
C.F.R. § 1.17, a check in the amount of $440.00 is enclosed, which includes the process fee 
($1 10.00) for a one-month extension of time. If the check is inadvertently omitted, or should any 
additional fees under 37 C.F.R. §§ 1.16 to 1.21 be required for any reason relating to the 
enclosed materials, or should an overpayment be included herein, the Commissioner is 
authorized to deduct or credit said fees from or to Fulbright & Jaworski Deposit Account No. 50- 
1212/DEKM:184USD1. 
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I. REAL PARTIES IN INTEREST 

The real party in interest is Monsanto Company, the parent company of assignee DeKalb 

Genetics Corp. 

II, RELATED APPEALS AND INTERFERENCES 

There are no interferences or appeals for related cases. 

ffl. STATUS OF THE CLAIMS 

Claims 1-58 were originally filed. Claims 59-96 were added and claims 1-58 were 
cancelled in the Preliminary Amendment mailed on December 7, 2000. In response to a 
Restriction Requirement, Appellants elected Group I, comprising claims 59-63 and 72-73. 
Claims 64-71 and 74-96 were subsequently withdrawn from consideration by the Examiner as 
drawn to non-elected subject matter. 

Claims 59-63 and 72-73 were therefore pending and under consideration at the time of 
the Final Office Action. The final rejection of claims 59-63 and 72-73 is the subject of the 
instant appeal. A copy of the appealed claims is attached as Appendix 1. 

IV. STATUS OF AMENDMENTS 

An Amendment Under 37 C.F.R. §1.116 is being filed concurrently herewith clarifying 
that the seed of claim 73 includes the transgene referred to in claim 64. The status of the 
Amendment is thus unknown to Appellants. No other claim amendments have been made 
subsequent to the Final Office Action. 
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V. SUMMARY OF THE INVENTION 

The invention relates to methods for the creation of transgenic monocot plants and seeds 
that display increased water stress resistance or tolerance. Specification at page 3, lines 20-24. 
More particularly, it concerns expression in monocots of an enzyme that catalyzes the synthesis 
of the osmoprotectant proline. Specification at page 3, lines 26-29, and page 4, line 8. 

VI. ISSUES ON APPEAL 

(A) Were claims 59-63 and 72-73 properly rejected under 35 U.S.C. § 112, first 
paragraph, as lacking an adequate written description in the specification? 

(B) Were claims 59-63 and 72-73 properly rejected under 35 U.S.C. § 1 12, first 
paragraph, as lacking enablement in the specification? 

(C) Were claims 61-63 and 73 properly rejected under 35 U.S.C. § 112, second 
paragraph, as being indefinite? 

(D) Were claims 59-60 properly rejected under 35 U.S.C. § 102(e) as being 
anticipated by Verma et al. (U.S. Patent 5,639,950)? 

(E) Were claims 59-63 and 72-73 properly rejected under 35 U.S.C. § 103(a), as 
being obvious over Verma et al. (U.S. Patent 5,639,950) in view of Rayapati et al. {Plant 
Physiology, 1989, vol. 91, pages 581-586) and Appellants allegedly admitted prior art? 

VII. GROUPING OF THE CLAIMS 

The claims stand or fall together for purposes of this appeal. 
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VIII. SUMMARY OF THE ARGUMENT 

The Examiner has rejected the claims for lack of written description based on the alleged 
failure to disclose the genus of biosynthetic enzymes synthesizing proline. However, genes 
encoding proline were known to those of skill in the art at the time of filing (Exhibit A and 
Exhibit B). What was not known prior to the invention was that the genes could be expressed in 
monocots to yield water stress resistance. Given the art known status of proline-encoding genes, 
Appellants were in full possession of the genus. Reversal of the rejection is thus requested. 

The Examiner has rejected the claims for lack of enablement based on an alleged failure 
to disclose the identification or isolation of a particular gene and/or plant comprising 
recombinant DNA encoding an enzyme involved in proline synthesis. However, Appellants' 
method for transformation of monocots combined with known examples of enzymes that 
catalyze synthesis of the osmoprotectant proline enable a person of ordinary skill in the art to 
produce transgenic monocots that express these enzymes. Appellants have demonstrated 
generally that expression of an osmoprotectant in monocots results in water stress tolerance (e.g., 
Exhibit C and Exhibit D). Further, numerous lines of evidence illustrate that proline was well 
known to be an osmoprotectant (Exhibits E, F, G, and Exhibit H). Appellants have therefore 
affirmatively set forth evidence of enablement, yet the Examiner has failed to present objective 
evidence supporting a reasonable doubt of enablement. Reversal of the rejection is thus 
requested. 

The Examiner alleges that various terms used in the claims are indefinite. However, each 
of the terms used has a well known meaning clear to those of skill in the art in view of the 
specification and claim language. Reversal of the rejections is thus requested. 

The Examiner alleges that claims 59-60 are anticipated by Verma et al (U.S. Patent 
5,639,950) under 35 U.S.C. § 102(e). However, Verma is not enabling for the transformation of 
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monocots. Additionally, Verma is effective only as of its June 1994 filing date for disclosure of 
"corn." Neither "corn" nor synonymous terms "monocot" or "maize" appear in the priority 
application relied upon by Verma II. Reversal of the rejection is thus requested. 

The Examiner has rejected claims 59-63 and 72-73 under 35 U.S.C. § 103(a), as being 
unpatentable over Verma et al (U.S. Patent 5,639,950) in view of Rayapati et al {Plant 
Physiology, 1989, vol. 91, pages 581-586). However, the reference fail to disclose the element 
of transgenic monocots generally, let alone monocots overexpressing proline or exhibiting water 
stress tolerance. The Examiner has further failed to show that one of skill in the art would have 
any reasonable expectation of success in expressing an enzyme catalyzing production of proline 
in monocots to yield water stress resistance. Thus, the Examiner has not made a prima facie case 
of obviousness and reversal of the rejection is therefore requested. 

IX. ARGUMENT 
A. The Written Description Rejection Was Improperly Maintained 

The Examiner finally rejected claims 59-63 and 72-73 under 35 U.S.C. §112, first 
paragraph, as allegedly containing subject matter that was not described in the specification in 
such a way as to convey to one of skill in the art that Appellants were in possession of the 
claimed subject matter. In particular, it was alleged that Appellants were not in possession of 
recombinant DNA molecules describing the genus of biosynthetic enzymes that catalyze the 
synthesis of the osmoprotectant proline. 

In response, Appellants note that genes encoding enzymes that elevate the level of proline 
were known in the art at the time of filing. For example, Verma et al (U.S. Patent 5,344,923, 
Exhibit A), which the Examiner cites in the prior art rejection, discloses the isolation of a 
mothbean cDNA clone encoding a Afunctional enzyme, deltal-pyrroline-5-carboxylate 
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synthetase, which is involved in the biosynthesis of proline in plants. Similarly, a soybean 
homologue of deltal-pyrroline-5-carboxylate synthetase was disclosed in 1992 by Hu et al in 
Proceedings National Academy of Science (89:9354-9358; Exhibit B). Hu et al also disclose 
that the enzyme catalyzes the first two steps in proline biosynthesis in plants. Verbruggen et al, 
teach that pyrroline-5-carboxylate reductase encodes the last step of the proline biosynthetic 
pathway and describes the cloning of the corresponding gene from Arabidopsis 
("Osmoregulation of a pyrroline-5-carboxylate reductase gene in Arabidopsis thaliana" Plant 
Physiol Nov;103(3):771-81 (1993)). Additional examples of pyrroline-5-carboxylate reductases 
that have been described include the human (Dougherty et al "Cloning human pyrroline-5- 
carboxylate reductase cDNA by complementation in Saccharomyces cerevisiae" J. Biol Chem., 
267 (2), 871-875 (1992)) and yeast genes (Brandriss et al "Proline biosynthesis in 
Saccharomyces cerevisiae: analysis of the PR03 gene, which encodes, which encodes delta 1- 
pyrroline-5-carboxylate reductase" J. Bacterid 174 (15), 5176 (1992)). 

As the sequences were known to those of skill in the art at the time of filing, Appellants 
cannot be said to lack written description for these sequences. A person of ordinary skill in the 
art would have known of useful gene sequences involved in the synthesis of proline at the time 
of Appellants' invention. Appellants respectfully submit that the availability of such gene 
sequences as common knowledge obviates the rejection under 35 U.S.C. §112, first paragraph. 

The evidence presented demonstrates full compliance with the written description 
requirement. Reversal of the rejection is thus respectfully requested. 
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B. The Enablement Rejection Was Improperly Maintained 

The Examiner finally rejected claims 59-63 and 72-73 under 35 U.S.C. §112, first 
paragraph, as not being enabled by the specification. In particular, the Examiner takes issue with 
an alleged failure to disclose the identification or isolation of a particular gene and/or plant 
comprising recombinant DNA encoding an enzyme involved in proline synthesis. 

In response, Appellants note that the claims are fully enabled by the specification. 
Specifically, as described in the specification, Appellants' method for transformation of 
monocots, combined with known examples of enzymes that synthesize the osmoprotectant 
proline, enables a person of ordinary skill in the art to produce transgenic monocots that express 
enzymes that synthesize proline. 

The currently claimed invention forms a part of a larger invention comprising use of 
compatible osmoprotectants in monocots in order to achieve resistance to a reduction in water 
availability. For example, Appellants have illustrated this in the context of transgenic plants that 
express the osmoprotectant mannitol (see US Patent 5,780,709, Exhibit D) and glycine betaine 
producing enzymes (see U.S. Patent 6,281,411, Exhibit C). Proline, like mannitol and glycine 
betaine, is a known endogenous osmoprotectant and has long been identified as playing a role in 
plants under water deficit. Barnett et al {Plant Phys., 41:1222, 1966; Exhibit E) describes that 
under water deficit, significant increases in certain amino acid pools, such as proline, are 
observed. Wyn Jones and Storey {Physiology and Biochemistry of Drought Resistance in Plants, 
Chapter 9, p. 171-204, Academia Press, Australia, 1981; Exhibit F) notes that increased proline 
accumulation is observed in barley subjected to water or salt stress. McCue and Hanson 
(TIBTECH, 8:358-362, 1990; Exhibit G) specifically mention the amino acid proline as an 
osmoprotectant found in diverse organisms. Van Rensberg et al (J. Plant. Physiology, 
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141:1880194, 1993; Exhibit H) discuss their observations of increased proline accumulation in 
drought-resistant tobacco cultivars, where a substantial amount of proline was found to 
accumulate in the drought-resistant cultivars compared to the drought-sensitive cultivars. 

Appellants teaching that increased mannitol and glycine betaine impart water stress 
tolerance to transgenic monocot plants (see US Patent 5,780,709 Exhibit D and US Patent 
6,281,411 Exhibit C, respectively) and success in using the mtlD gene to impart drought 
tolerance to a monocot are therefore indicative of success in overexpressing proline to obtain 
water stress tolerance. Together, the knowledge of proline accumulation in plants in response to 
drought stress, as well as the knowledge of sequences involved in the synthesis of proline 
demonstrate that the claims were enabled for expressing a proline biosynthesis gene and 
increased water stress tolerance. In fact, the Examiner's own prior art rejection states that 
expression of a deltal-pyrroline-5-carboxylate synthetase would inherently result in water stress 
tolerance. Given the transformation methods and expression vectors illustrated in Appellants' 
working examples to be fully enabling for monocot transformation and heterologous expression 
with osmoprotectant genes, it is respectfully submitted that the claims must be held enabled in 
view of the assertion. While legally flawed from an inherency rejection standpoint because the 
cited references are not enabling for transgene expression in maize and the insufficiency of 
Verma as of its effective date, the rejection affirmatively acknowledges the enablement of the 
claims given Appellants' enablement of transgene expression in monocots. 

Reversal of the Section 112 rejection for lack of enablement is thus respectfully 
requested. 
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C. The Indefiniteness Rejections Were Not Properly Maintained 

(1) Independent claim 61 and claims 62-63 dependent thereon stand rejected under 35 
U.S.C. §112, second paragraph, as being indefinite for the use of the term "increased" in claim 
61. It is stated that the term is relative, lacking comparative basis, and that the definition in the 
specification is not limiting. 

Claim 61 reads as follows: 

61. A fertile transgenic Zea mays plant comprising a recombinant DNA 
segment comprising a promoter operably linked to a first DNA segment encoding 
an enzyme which catalyzes the synthesis of the osmoprotectant proline, wherein 
the first DNA segment is expressed so that the level of the enzyme is increased in 
the transgenic Zea mays plant, and wherein the recombinant DNA segment is 
heritable. 

(emphasis added) 

As can be seen from the text of the claim, the meaning of "increased" is clear to one of 
skill in the art, particularly when taken in combination with the teaching in the specification. A 
plain reading of the claim indicates that the enzyme is increased relative to a Zea mays plant that 
lacks the recombinant DNA segment. No other logical reading can be made of the claim given 
the text of the claim. The Examiner has failed to point to any other reasonable meaning that 
could be given. 

There is no indefiniteness in using a relative term that has a comparative basis. All that is 
required under the second paragraph of §112 is that one of skill in the art understand the metes 
and bounds of the claim when read in context and in view of the specification. Claim terms must 
be read together with the claim as a whole and in view of the understanding of those of skill in 
the art. Properly viewed, the claim is fully definite. 

In light of the foregoing, reversal of the rejection under 35 U.S.C. § 112, second 
paragraph is respectfully requested. 
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(2) Claim 73 has been finally rejected under 35 U.S.C. §112, second paragraph, as 
being indefinite for the recitation of the term "transgenic seed." The Examiner states that the 
seed may contain transgenes in addition to those used in the method of claim 68, thus it is not 
clear if the transgene referenced in claim 64 is included in the seed. 

In response it is noted that an Amendment Under 37 CFR §1.116 is being submitted 
herewith that clarifies that the seed includes the transgene referred to in claim 64. It is believed 
that the rejection is moot in light of the Amendment. 

D. The Anticipation Rejection Was Not Properly Maintained 

The Examiner finally rejected claims 59-60 under 35 U.S.C. §102(e) as being anticipated 
by Verma et al (U.S. Pat. No. 5,639,950, issued June 17, 1997, filed June 29, 1994 as a C1P of 
an application with an effective filing date of September 29, 1992 (hereinafter Verma H, Exhibit 
I)). The September 29, 1992 priority document of Verma II issued as U.S. Patent No. 5,344,923 
(hereinafter Verma I, Exhibit A). 

The rejection is insufficient on its face. Appellants noted in their response to the first 
Office Action that the current application claims priority to August 25, 1993 as a divisional 
application of U.S. Application Serial No. 08/599,714, filed January 19, 1996 (now U.S. Patent 
No. 6,281,411), which application was a continuation-in-part application of currently pending 
U.S. Application Serial No. 08/113,561, filed August 25, 1993. This grandparent application 
disclosed that transgenic monocot plants with drought resistance, including maize, can be 
prepared by expressing genes encoding a variety of osmotically active metabolites including 
proline. 


25380829.1 


11 


The Verma II patent is effective only as of its June 1994 filing date for disclosure of 
"corn" and thus cannot anticipate the current claims. The Examiner nonetheless relies on Verma 
I based on the allegation that this disclosure is sufficient because there is allegedly no difference 
in the teachings with respect to transgenic plants. However, the shortcomings of Verma II do not 
supplement the shortcoming of Verma I. What is relevant is that Verma I is insufficient. 

A full text search of the Verma I patent (U.S. Pat. No. 5,344,923) on the USPTO patent 
database reveals that this patent does not include the terms "maize," "Zea mays/ 9 "com" or 
"monocot" The Examiner's rejection is therefore fundamentally without merit. It cannot be 
alleged that the patent anticipates transgenic monocots and maize expressing a particular 
transgene when it does not even disclose monocot or maize plants at all, let alone an enabling 
transformation method for such plants. 

More particularly, Appellants' claims are drawn to a transgenic monocot plant which is 
substantially tolerant or resistant to a reduction in water availability, where the transgenic plant 
comprises a transgene encoding an enzyme catalyzing the synthesis of proline. Verma I merely 
discloses the sequence of deltal-pyrroline-5-carboxylate synthetase, making the sequence 
available to those of ordinary skill in the art who might discover a use for it, e.g., as Appellants 
have discovered a use in producing transgenic monocots expressing proline for drought 
resistance. 

With regard to the Examiner's statement that plants disclosed by Verma I and/or II would 
"inherently be substantially tolerant or resistant to a reduction of water availability" it is first 
noted that this statement directly contradicts the enablement rejection. The Examiner cannot 
have it both ways. In view of the comment by the Examiner admitting that a monocot 
transformed with the deltal-pyrroline-5-carboxylate synthetase gene would inherently have a 
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resistance to water availability, it is respectfully submitted that the Examiner has acknowledged 
the enablement of the claims. 

It is further noted that the Examiner's conclusion regarding inherency is flawed. To form 
the basis of an inherency rejection, the missing item must necessarily flow from the disclosure. 
Continental Can Co. USA v. Monsanto Co., 948 F.2d 1264, 1268, 20 USPQ2d 1746, 1749 (Fed. 
Cir. 1991) ("To serve as an anticipation when the reference is silent about the asserted inherent 
characteristic, such gap in the reference may be filled with recourse to extrinsic evidence. Such 
evidence must make clear that the missing descriptive matter is necessarily present in the thing 
described in the reference, and that it would be so recognized by persons of ordinary skill."). 
Here, the Examiner has failed to provide any objective basis to support the enablement of the 
Verma I or Verma II reference. For example, the Examiner has failed to show that Verma I 
and/or II disclose a method for transforming monocots and teach transformation vectors that 
could be used to achieve gene expression in monocots. Verma II does not even disclose 
monocots generally. The Examiner's unsupported allegations do not meet the relevant legal 
standards or the standards of the APA for maintaining a rejection. 

The Examiner is not allowed to bootstrap deficient references to support an anticipation 
rejection through unsupported allegations of inherency. The law of inherency has been 
developed precisely so that the insufficiencies of a reference may not be glossed over by bare 
assertions of inherency. Given the failure of Verma I to disclose transgenic maize or monocots 
at all or a showing that Verma II is even prior art as of its priority date, there is no basis to allege 
that the claimed transgenic monocot plants expressing an enzyme catalyzing proline biosynthesis 
necessarily flow from the disclosure. 
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In view of the foregoing, neither Verma I nor Verma II constitute a 35 U.S.C. §102(e) bar 
to the present application. Reversal of the rejection is thus respectfully requested. 

E. The Obviousness Rejection Was Not Properly Maintained 

The Examiner rejects claims 59-63, and 72-73 under 35 U.S.C. § 103(a) as being 
unpatentable over Verma II (described above) in view of Rayapati et al {Plant Physiology, 1989, 
91:581-586; Exhibit J) and in light of Appellant's allegedly admitted prior art. The teachings of 
Verma II are discussed above. Rayapati et al is cited for its finding that deltal-pyrroline-5- 
carboxylate synthetase is located in the chloroplast of peas. 

In response, Appellants note that all elements of the claims have not been shown in the 
art and thus the rejection is insufficient on its face. First, the Examiner has failed to show 
monocot plants in the prior art. Instead, the Examiner makes the conclusory statement that she 
"maintains that Verma et al. teach corn, wheat, barley, and rye monocot plants comprising a 
recombinant A^pyrroline-S-carboxylate synthetase" that catalyzes proline synthesis. This 
assertion is unsupported and is baseless given that Verma does not even reference maize or 
monocot plants as of its effective prior date. 

The Examiner has therefore failed to make a prima facie case of obviousness for the 
current claims, which are directed to transformed monocots having DNA which encodes an 
enzyme catalyzing the synthesis of the osmoprotectant proline. Verma II has not even been 
demonstrated by the Examiner to be properly used as prior art. Second, while Verma II claims a 
number of transgenic plant types, including maize, the reference does not disclose an actual 
transgenic monocot plant and thus does not cure the defect of Rayapati et al The combined 
references do not teach fertile, transformed corn. The references have not even been shown to 
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motivate a person of ordinary skill in the art to attempt to transform corn, let alone provide a 
reasonable expectation of success in doing so. 

Appellants respectfully submit that there is no support for a prima facie obviousness 
rejection of claims 59-63 and 72-73 over Verma II in light of Rayapati et al. Reconsideration 
and withdrawal of this Section 103 rejection is respectfully requested. 

X. CONCLUSION 

It is respectfully submitted, in light of the above, that none of the claims are properly 
rejected. Therefore, Appellants request that the Board reverse the pending grounds for rejection. 


Respectfully submitted, 



FULBRIGHT & JAWORSKI L.L.P 
600 Congress Avenue, Suite 2400 
Austin, Texas 78701 
(512) 536-3085 


Reg. No. 42,628 
Attorney for Appellants 


Date: March 12, 2004 
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APPENDIX 1: APPEALED CLAIMS 


59. A transformed monocot plant, which plant is substantially tolerant or resistant to a 
reduction in water availability, the cells of which comprise a recombinant DNA segment 
comprising a preselected DNA segment encoding an enzyme which catalyzes the synthesis of the 
osmoprotectant proline, wherein the enzyme is expressed in an amount effective to confer 
tolerance or resistance to the transformed plant to a reduction in water availability. 

60. The transformed plant of claim 59 wherein the transformed plant has an improved 
osmotic potential when the total water potential of the transformed plant approaches zero. 

61 . A fertile transgenic Zea mays plant comprising a recombinant DNA segment comprising 
a promoter operably linked to a first DNA segment encoding an enzyme which catalyzes the 
synthesis of the osmoprotectant proline, wherein the first DNA segment is expressed so that the 
level of the enzyme is increased in the transgenic Zea mays plant, and wherein the recombinant 
DNA segment is heritable. 

62. The fertile transgenic Zea mays plant of claim 61, wherein the recombinant DNA 
segment further comprises a second DNA segment encoding an amino terminal chloroplast 
transit peptide operably linked to the first DNA segment. 

63. A seed produced by the transgenic plant of claim 61 . 
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72. A transformed monocot plant regenerated from the transformed plant cells obtained by 
the method of claim 64. 

73 . A transgenic seed of the transformed plant of claim 72. 
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Proc. Natl. Acad. Sci. USA 

Vol. 89, pp. 9354-9358, October 1992 

Plant Biology 


A bifunctional enzyme (A-pyrroline-5-carboxylate synthetase) 
catalyzes the first two steps in proline biosynthesis in plants 

( osmoregulation /nitrogen assimilation/ functional complementation/ root nodules) 

Chien-an A. Hu, Ashton J. Delauney*, and Desh Pal S. VERMAt 

Department of Molecular Genetics and Biotechnology Center, The Ohio State University, Rightmire Hall, 1060 Carmack Road, Columbus, OH 43210-1002 


Communicated by JozefS. Schell, July i, 1992 

ABSTRACT Many plants synthesize and accumulate pro- 
line In response to osmotic stress. Despite the Importance of this 
pathway, however, the exact metabolic route and enzymes 
involved in the synthesis of proline in plants have not been 
unequivocally Identified. We report here the Isolation of a 
mothbean {Vigna aconittfblia) cDNA clone encoding a bifunc- 
tional enzyme, A 1 -pyrroline- 5 -carboxylate synthetase (P5CS), 
with both y-glutamyl kinase and glutamlc-y-semialdehyde 
dehydrogenase activities that catalyzes the first two steps in 
proline biosynthesis. The two enzymatic domains of P5CS 
correspond to the ProB and ProA proteins of Escherichia coii 
and contain a leucine zipper in each domain, which may 
facilitate inter- or intramolecular interaction of this protein. 
The Vigna P5CS enzyme activity is feedback regulated by 
proline but is less sensitive to end-product inhibition than is the 
E. coli y-glutamyl kinase. The P5CS gene is expressed at high 
levels in Vigna leaves and is inducible in roots subjected to salt 
stress, suggesting that P5CS plays a key role in proline bio- 
synthesis, leading to osmoregulation in plants. 


Drought and high salinity are the most important environ- 
mental factors that cause osmotic stress and impact nega- 
tively on plant growth and crop productivity (1). To counter 
these stresses* many plants increase the osmotic potential of 
their cells by synthesizing and accumulating compatible 
osmolytes such as proline and glycine betaine (2-4). The role 
of proline biosynthesis in osmoregulation in bacteria is well 
established (5); however, it is not known whether the accu- 
mulation of proline in plant tissues confers some adaptive 
advantage to the plant under osmotic stress or whether it is 
a consequence of stress-induced changes in metabolism (6). 
A complete understanding of stress-induced changes in the 
proline biosynthetic pathway and the regulation of genes 
involved in proline metabolism may reveal how plants adapt 
to environmental stresses. This could open the way for 
increasing tolerance to drought and salinity stresses by 
producing transgenic plants capable of synthesizing elevated 
levels of proline. 

The proline biosynthesis route in plants (7, 8) is thought to 
resemble the pathway in bacteria (9). In Escherichia coli, the 
reaction starts with the phosphorylation of glutamate by 
y-glutamyl kinase (y-GK; encoded by the proB gene), to form 
y-glutamyl phosphate, which is reduced to giutamic-y- 
semialdehyde (GSA) by GSA dehydrogenase (encoded by the 
pro A gene). GSA spontaneously cyclizes to A^pyrroline-S- 
carboxylate (P5C), which is reduced by P5C reductase 
(P5CR; encoded by the proC gene) to proline. The £. coli 
proB, pro A (10), and proC (11) loci have been cloned and 
sequenced. 

Whereas proline can be synthesized from either glutamate 
or ornithine in plants (7, 8) and animals (12-14), stable isotope 
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and radioisotope labeling experiments (15-17) indicate that 
glutamate, rather than ornithine, is the primary precursor for 
proline biosynthesis in osmotically stressed plant cells. With 
the exception of P5CR, which has been recently character- 
ized (18-20),* however, little is known about the other 
enzymes in this pathway. Although there is circumstantial 
evidence implicating a y-GK in plants (7, 8), the existence of 
this activity has hitherto not been unequivocally demon- 
strated despite concerted efforts by several research groups 
over the past 25 years. Given the well-documented correla- 
tion between proline accumulation and adaptation to water 
deficits caused by drought and salinity stresses in plants, the 
complete characterization of the enzymes in the proline 
biosynthetic pathway and their biochemical and genetic 
regulation is vitally important. 

We have recently isolated cDNA clones for soybean P5CR 
by direct complementation of an E. coli proC proline auxo- 
troph with a soybean nodule cDNA expression library (20). 
The rationale of using a nodule library was based on the 
finding that high levels of proline are synthesized in soybean 
root nodules (21, 22). Using this complementation strategy 
(23), we have isolated from a mothbean (Vigna aconitifolia) 
nodule cDNA expression library cDNA clones coding for a 
bifunctional enzyme, P5C synthetase (P5CS), which exhi- 
bited both y-GK and GSA dehydrogenase activities. The 
Vigna P5CS enzymatic activity was found to be feedback 
inhibited by proline. The level of P5CS transcript was shown 
to be enhanced in roots treated with salt, indicating that the 
expression of this gene is osmoregulated.fi 

MATERIALS AND METHODS 

Bacterial Growth Conditions. E. coli mutant cells were 
grown at 37°C in LB medium, or in minimal A medium (23) 
supplemented with 0.2 mM required amino acids and 0.05 
mM thiamine; ampicillin was added at 100 mg/liter. The 
osmotic strength of the medium was increased by the addition 
of NaCl as indicated. 

Plasmids and Bacterial Strains. Plasmids carrying wild-type 
proB (pDUl) and mutant proB74 (pDUlOl) alleles were 
obtained from Abhaya Dandekar (University of California, 
Davis). E. coli strains X340 {proB28 f metBl, relAl, A", 
spoTl), W4032 (proA3, metBl, relAl, lac-3, tsx-76) t CSH26 
[see ref. 24; ara, L(lac pro), thi], and X342 (pro€29 y A", 


Abbreviations: y-GK, y-glutamyl kinase; GSA, glutamic-y- 
semialdehyde; P5C r A^pyrroline^-carboxylate ; P5CR, P5C reduc- 
tase; P5CS, P5C synthetase. 

♦Present address: Department of Biology, University of the West 
Indies, Cave Hill Campus, P.O. Box 64, Bridgetown, Barbados. 

tTo whom reprint requests should be addressed. 

*The sequence reported in this paper has been deposited in the 
GenBank data base (accession no. M92276). 

fiVerbruggen, N., Villarroel, R. & van Montagu, M. Third Interna- 
tional Congress, International Society for Plant Molecular Biology, 
October 6-11, 1991, Tucson, AZ (abstr.). 
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relAl, sptTl, metBl) were kindly provided by Barbara Bach- 
mann (E. coli Genetics Stock Center, Yale University). 

Construction of cDNA Expression Library. RNA was pre- 
pared from 21-day-old mothbean (Vigna aconitifolia L.) 
nodules by the method of Verwoerd et al (25), and poly(A) + 
RNA was isolated by chromatography on an oligo(dT> 
cellulose column. Double-stranded cDNA was synthesized, 
ligated to BstXl linkers, and size-fractionated on an agarose 
gel. Molecules >500 base pairs were electroeluted from the 
gel, cloned into the /ferXI-linearized pcDNAII plasmid vec- 
tor (Invitrogen, San Diego) and E. coli DHIaF' cells were 
transformed. cDNA molecules inserted within the polylink- 
ers of pcDNAII in the correct orientation and reading frame 
can be expressed under the control of the lacZ promoter. 

Functional Complementation of/?, coli Auxotrophs. E. coli 
proline auxotrophs were transformed by electroporation us- 
ing Electro Cell Manipulator 600 apparatus (BTX, San Diego) 
according to the manufacturer's instructions. Briefly, cells 
were grown to late logarithmic phase in LB broth, pelleted by 
centrifugation, washed twice in ice-cold 10% (vol/vol) glyc- 
erol, resuspended in cold 10% glycerol, and stored in 200-/il 
aliquots at -80°C. For electroporation, 20 ng of the pooled 
library DNA purified by double CsCl centrifugation was 
added to 200 yA of competent cells in a 2-tnm cuvette and 
subjected to a 5-msec pulse at 2.5 kV/cm. The cells were 
immediately added to 10 ml of LB broth and incubated at 37°C 
with shaking for 1 h. The cells were then pelleted by cen- 
trifugation, washed with minimal A medium, and plated onto 
minimal A plates containing ampicillin (100 Mg/ml), isopropyl 
£-r>thiogalactopyranoside (1 mM), and the amino acid sup- 
plements other than proline required by the respective mu- 
tants. To determine the transformation efficiencies, aliquots 
of electroporated cells were plated onto the same media 
supplemented with proline (1 mM). Plates were incubated at 
37°C for 2 days. Plasmid DNA, prepared from single colonies 
grown in minimal medium containing ampicillin, was used to 
retransform the mutants to confirm the complementation (see 
ref. 23). 

DNA Sequencing and Analysis. DNA sequencing was pet- 
formed on CsCl-purified, double-stranded plasmid DNA by 
the dideoxy nucleotide chain-termination method using Se- 
quenase II (United States Biochemicals) according to the 
manufacturer's instructions. Deletions of the plasmid tem- 
plate were generated by using Exonuclease III and mung 
bean nuclease. In addition, some sequencing reactions were 
performed with oligonucleotide primers synthesized on the 
basis of previously derived cDNA sequences. Sequence 
comparisons and identification of various motifs were done 
with Genetics Computer Group programs (Madison, WI). 

P5CS Enzyme Assay and Determination of End-Product 
Feedback Inhibition. E. coli CSH26 cells and CSH26 harbor- 
ing different plasmids were grown aerobically at 37°C for ~16 
h. The cells were harvested by centrifugation at 4000 x g for 
10 min, and the cell paste was suspended in 4 mi of buffer A 
(50 mM Tris'HCl/1 mM dithiothreitol) at 4°C. After sonica- 
tion (Benson Sonifier, type 450) at 50 W, the slurry was 
centrifuged at 4000 x g for 10 min and the supernatant was 
fractionated by ammonium sulfate precipitation. For £. coli 
CSH26 containing pVAB2, the fraction precipitating between 
0% and 30% saturation of ammonium sulfate was used for 
enzyme assay; while for E. coli CSH26 and CSH26 harboring 
the proB74 or wild-type proB alleles, a fraction of 40-60% 
saturation was used. Ammonium sulfate precipitated fraction 
was dissolved in buffer A and dialyzed against the same 
buffer. y-GK activity was assayed by the method described 
by Hayzer and Leisinger (26). The amount of y-glutamylhy- 
droxamate made from L-glutamate, NH2OH, and ATP was 
determined from the A 5y6 after a 30-min incubation at 37°C. 
To determine whether proline biosynthesis is subject to 
end-product inhibition in plants, the y-GK activities of the 


different ammonium sulfate fractions described above were 
measured as a function of proline concentration (0.01-100 
mM) in the assay mixture. 

Northern Blot Analysis. Poly(A) + RNA from mothbean 
nodules, leaves, and roots, as well as roots from plants 
watered with 200 mM NaCl, were electrophoresed in a 1.2% 
agarose/2.2 M formaldehyde gel and transferred by vacuum 
blotting to a GeneScreen membrane (DuPont/NEN). The 
pVAB2 cDNA insert was labeled with p^dCTP to a specific 
activity of 8 x 10 s dpm/^ig using a random-primer labeling 
system (Amersham). Hybridization was performed as de- 
scribed (20), and filters were exposed to x-ray film at -70°C. 

RESULTS AND DISCUSSION 

Isolation of cDNA Clones Encoding Vigna P5CS. We have 
previously obtained a cDNA clone for soybean P5CR by 
direct complementation of an E. coUproC proline auxotroph 
with a soybean nodule cDNA expression library (20). To 
clone other plant enzymes of the proline biosynthetic path- 
way, we similarly transformed E. coliproB t proA, and proBA 
auxotrophic mutants by electroporation with a V. aconitifolia 
nodule cDNA. expression library. A transformation effi- 
ciency of lO^-lO 10 transformants per /tg of DNA was rou- 
tinely obtained, which is **2 orders of magnitude higher than 
that obtained by classical transformation methods (23); thus, 
electroporation significantly enhances the recovery of com- 
plemented mutants. One group of clones was isolated by 
selecting for growth of transformants on minimal medium 
without proline. We have determined that these clones en- 
code a bifunctional enzyme, P5CS, which has both y-GK and 
GSA dehydrogenase activities. This determination is based 
on the following evidence: the P5CS clones efficiently com- 
plemented E- coli proB, proA t and proBA, but not proC, 
mutants; the predicted amino acid sequence of the enzyme 
revealed the presence of two domains with significant ho- 
mology to the E. coli ProB and Pro A proteins; and the 
recombinant P5CS protein showed GSA-dependent y-GK 
enzyme activity. 

P5C can also be synthesized from ornithine via ornithine 
aminotransferase in plants, but the E. coli CSH26 cells are 
unable to grow on ornithine. These cells electroporated with 
library DNA were selected for proline prototrophy on min- 
imal medium supplemented with ornithine (1 mM). With this 
approach, we obtained complementing clones encoding or- 
nithine aminotransferase (unpublished data). These data 
demonstrate that proline is synthesized in plants from both 
glutamate and ornithine. The contribution of the respective 
pathway to proline production remains to be determined. 

Vigna P5CS Contains Domains Homologous to E. coli ProB 
and ProA Proteins. The complete nucleotide sequence of a 
P5CS cDNA clone, pVAB2, is shown in Fig. 1. The 2417- 
base-pair sequence contains a single major open reading 
frame encoding a polypeptide of 73.2 kDa, assuming that 
translation is initiated at the first ATG codon from the 5' end 
of the coding strand. Sequence comparison with the E. coli 
ProB and ProA proteins (Fig. 2) indicated that V. aconitifolia 
P5CS polypeptide has two distinct domains. The amino- 
terminal domain of the P5CS protein showed 33.3% identity 
and 55.3% overall similarity to the E. coli ProB protein. A 
domain with 35.7% identity and 57.9% similarity to the ProA 
protein is located at the carboxyl end. An unexpectedly high 
level (42.4%) of sequence similarity was found between the 
E. coli ProB and ProA proteins, suggesting that the proB and 
proA genes may have arisen by duplication of an ancestral " 
gene; the encoded proteins may have later acquired domains 
conferring the respective kinase and reductase activities of 
the present-day enzymes. The corresponding plant genes 
have evidently fused to create the bifunctional enzyme iden- 
tified in V. aconitifolia. A similar event may have occurred 
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Fig. 1. Nucleotide sequence of the pVAB2 cDNA and primary sequence of the encoded V. aconittfolia P5CS. The polypeptide region 
homologous to the E. coli y-GK (ProB) domain is underlined. The carboxyl half of P5CS corresponds to GSA dehydrogenase (ProA). A 
polyadenylylation signal at the 3 ' end is underlined. 


in animal systems since a P5CS activity has been detected in 
mammalian cells, although it is not known whether this is due 
to a single or to two separate enzymes (12-14). 

Interestingly, a leucine zipper sequence (see Fig. 2) is 
present in each of the enzymatic domains of Vigna P5CS. The 
leucine zippers mediate protein:protein dimerization in struc- 
tural proteins of both eukaryotes and prokaryotes as well as 
in transcriptional regulatory proteins (27, 28). The leucine 
zippers in P5CS may function intramolecularly to maintain 
the proper tertiary structure of the two domains of this 
enzyme, and homodimer or heterodimer formation may 
occur through the leucine zippers to allow close association 
between the originally separate enzymes. It is also possible 
that these zippers are a relic of the time when the y-GK and 
GSA dehydrogenase enzymes were separate and had to be 
brought together to form a functional complex, as in E. coli 
(see ref. 9). Thus, these leucine zippers may facilitate inter- 
and intramolecular interactions. In addition, P5CS contains a 
potential phosphorylation site (Fig. 2). Site-directed muta- 
genesis may elucidate the significance of these domains and 
their role in the evolution of this bifunctional enzyme. 
Existence of two catalytic domains on the Vigna P5CS 
enzyme may facilitate sequential reactions of formation of 


glutamyl phosphate, which is unstable, and its rapid conver- 
sion into GSA. In E, coli, both y-GK and GSA dehydroge- 
nase function as hexameric enzymes (9) but the native size of 
P5CS is not yet determined. 

P5CS Has GSA Dehydrogenase-Dependent y-GK Activity 
That Is Feedback Inhibited by Proline. To confirm that 
pVAB2 encoded P5CS activity, ammonium sulfate- 
fractionated extracts of E. coli CSH26 and CSH26 harboring 
pVAB2 were assayed for GSA dehydrogenase-dependent 
y-GK enzyme activity (26). As shown in Fig. 3, no y-GK 
activity was detected in E. coli strain CSH26, whereas 
CSH26 containing pVAB2 exhibited a high level of y-GK 
activity. Because proline biosynthesis is regulated by end- 
product inhibition of y-GK in bacteria (26), we determined 
whether the plant enzyme is similarly subjected to feedback 
control. Fig. 3 shows that the Vigna enzyme is 50% inhibited 
by 6 mM proline. The wild-type E. cpli y-GK is 30 times more 
sensitive— i.e., shows 50% inhibition at 0.2 mM proline, 
while a mutant form of the enzyme (encoded by the proB74 
allele; refs. 30 and 31) is ~200-fold less sensitive to end- 
product inhibition (Fig. 3; see also ref. 32). Thus, the sensi- 
tivity of the recombinant Vigna enzyme to feedback inhibi- 
tion is much less than the wild-type E. coli enzyme but more 
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Fig. 2. Comparisons of the V. aconitifolia PSCS amino acid 
sequence (VPBA) with the £. coli y-GK (EPB) (A) and GSA 
dehydrogenase (EPA) (£) sequences (10). Identical amino acids are 
indicated by a vertical line; similar amino acids are indicated by 
colons and periods. Conserved aspartic acid residues implicated in 
proline feedback inhibition are boxed, as are the leucine zipper 
sequences and the potential phosphorylation sites. 

than the mutated y-GK enzyme. The mutation responsible for 
the resistance to end-product inhibition of y-GK in the 
proB74 allele involves a nucleotide substitution of an A for a 
G, resulting in a change from aspartic acid to an asparagine 
residue (29, 33). We note that this aspartate residue is 
conserved in the Vigna P5CS enzyme, raising the possibility 
that changing this residue to asparagine by site-directed 
mutagenesis may result in further diminution of feedback 
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Fig. 3. Feedback inhibition of PSCS by proline. Ammonium 
sulfate-fractionated extracts (26, 29) from E. coli CSH26 (•), E. coli 
CSH26 harboring pVAB2 (O, the proB74 allele (■), and the wild-type 
proB allele (□) were assayed for y-GK activity by the method of 
Hayzer and Leisinger (26). 

inhibition of the plant enzyme. In spite of the conserved 
aspartic acid residue implicated in feedback control, the 
Vigna enzyme is less sensitive to inhibition by proline than 
the E. coli enzyme, suggesting that other regions of the PSCS 
enzyme may also be important for feedback regulation. 

By analogy with the proline biosynthetic pathway in E. coli 
and given the sensitivity of the mothbean enzyme to end- 
product inhibition, it seems likely that regulation of the 
pathway in plants is exerted primarily at the P5CS step. The 
synthesis of P5C in animals, however, is not inhibited by 
L-proline but is sensitive to ornithine (12-14). In this regard, 
the plant enzyme is more similar to that in prokaryotes. 
However, P5C can be made from ornithine in Vigna (unpub- 
lished data), and therefore the relative contribution of gluta- 
mate or ornithine to proline may depend on the availability of 
nitrogen. 

Proline Biosynthesis Genes Are Osmoregulated. We have 
previously demonstrated that expression of the soybean 
P5CR gene is enhanced at the RNA level in nodules and in 
osmotically stressed soybean roots (20), a phenomenon re- 
cently confirmed in salt-stressed Arabidopsis thaliana 
leaves. 5 To investigate the expression levels of the Vigna 
P5CS gene in different tissues and under conditions of 
osmotic stress, RNA from nodules, leaves, and roots, as well 
as roots from plants watered with 200 mM NaCl, was probed 
on a Northern blot with the p VAB2 cDNA. As shown in Fig. 
4, the P5CS transcript in Vigna leaves is more abundant than 
in roots and nodules. The level of P5CS transcripts in roots 
is enhanced by treatment of trie plant with 200 mM NaCl. An 
increase in the level of transcript of P5CS and P5CR during 
osmotic stress may facilitate proline production from gluta- 
mate. However, the P5CR reaction in plants is not normally 
rate-limiting (34, 35). The elevated level of PSCS may control 
the flux of glutamate to PSC. Thus, the proline synthesis 
pathway is not only feedback regulated but also controlled 
transcriptionally. The latter is also influenced by the level of 
nitrogen in the cell. 

The elevated rate of proline biosynthesis in nodules has 
been suggested to stimulate ureide synthesis in tropical 
legumes and to help transfer redox potential from the nodule 
cytoplasm to the bacteroids (21, 22). Proline may also act as 
a carbon and nitrogen source for the bacteroids. An addi- 
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Fig. 4. Northern blot analysis of poly(A) + RNA (5 p% each) firom 
leaf (lane L) t nodule Gone N), root flanc R), and root treated with 200 
mM NaCl (lane RS), probed with the "P-labeled pVAB2 cDNA 
insert. Arrowhead indicates the 2.6-kilobase P5CS transcript. 

tional probable role of proline in nodules may be its involve- 
ment in osmoregulation (20). The osmoticum in infected 
nodule cells is known to be 4- to 5-fold higher than in root cells 
(36). Our demonstration that both P5CS and P5CR (20) genes 
are induced by salt stress is consistent with the hypothesis 
that accumulation of proline in nodules may represent an 
osmoregulatory adaptation to increased concentration of 
solutes. Recently, a clone encoding y-GK has been identified 
from a tomato cDN A library and is also suggested to contain 
GSA dehydrogenase activity.! The availability of a cloned 
plant gene encoding the rate-limiting enzyme in proline 
biosynthesis will allow understanding of the role of proline in 
osmoregulation. This opens the way for genetically manipu- 
lating this pathway in transgenic plants, with the potential for 
increasing proline production, which may confer tolerance to 
drought and salinity stresses in crop plants. 


'Garcia-Rios, M. G., LaRosa, P. C, Bressan, R. A., Csonka, L. N. 
& Hanquicr, J. M. Third International Congress, International 
Society for Plant Molecular Biology, October 6-11, 1991, Tucson, 
AZ (abstr.). 


We thank Dr. Zen-Wu Lin for making Vigna RNA for the library. 
This study was supported by a grant from the United States Depart* 
meat of Agriculture Competitive Grants Program (90-37280-5596); 
support was also received from The Ohio State University. 

1. Boyer, J. S. (1982) Science 218, 443. 

2. Wyn Jones, R. G. & Storey, R. (1981) in Physiology and 
Biochemistry of Drought Resistance in Plants, eds. Paleg, 
L. G. & Aspinall, D. (Academic, Sydney), pp. 171-204. 

3. Hanson, A. D. & Hitz, W. D. (1982) Anna. Rev, Plant Physiol 
33, 163-203. 

4. McCue, K. F. & Hanson, A. D. (1990) Trends Biotech. 8, 
359-362. 

5. Csonka, L. N. (1989) Microbiol. Rev. 53, 121-147. 

6. Cushman, J. C, DeRocher, E. J. & Bohnert, H. J. (1990) in 
Environmental injury to Plants, ed. Katterrman, F. (Academic, 
San Diego), pp. 173-203. 


Proc. Natl. A„~d. Sci. USA 89 (1992) 

7. Bryan, J. K. (1990) in The Biochemistry of Plants: A Compre- 
hensive Treatise, eds. Miflin, B. J. & Lea, P. J. (Academic, San 
Diego), Vol. 16. pp. 161-195. 

8. Schubert, K. R. & Boland, M. J. (1990) in The Biochemistry of 
Plants, A Comprehensive Treatise, eds. Miflin, B. J. & Lea, 
P. J. (Academic Press, San Diego), Vol. 16, pp. 197-282. 

9. Leisinger, T. (1987) in Escherichia coli and Salmonella typhi- 
murium: Cellular and Molecular Biology, eds. Neidhardt, 
F. C, Ingraham, J. L., Low, K. B., Magasanik, B., Schaecb- 
ter, M. & Umbarger, H. E. (Am. Soc. Microbiol., Washing- 
ton), pp. 345-351. 

10. Deutch, A. H., Rushlow, K. E. & Smith, C. J. (1984) Nucleic 
Acids Res. 15, 6337-6355. 

11. Deutch, A. H., Smith, C. J., Rushlow, K. E. & Kretschmer, 
P. J. (1982) Nucleic Acids Res. 10, 7701-7714. 

12. Smith, R. J., Downing, S. J., Phang, J. M., Lodato, R. F. & 
Aoki, T. T. (1980) Proc. Natl. Acad. Sci. USA 77, 5221-5225. 

13. Lodato, R. F., Smith, R. J., Valle, L. & Crane, K. (1984) /. 
Cell. Physiol. 119, 137-140. 

14. Kramer, J. J.,Henslee,J. G., Wakabayashi, Y. & Jones, M. E. 
(1985) Methods Enzymol. 113, 113-120. 

15. Rhodes, D., Handa, S. & Bressan, R. A. (1986) Plant Physiol. 
82 890—903. 

16. Boggess, S. F. & Stewart, C. R. (1976) Plant Physiol. 58, 
796-797. 

17. Boggess, S. F., Stewart, C. R., Aspinall, D. & Paleg, L. G. 
(1976) Plant Physiol. 58, 398-401. 

18. Krueger, R., Jager, H.-J., Hirtz, M. & Pahlich, E. (1986) Plant 
Physiol. 82, 890-903. 

19. Rayapati, P. J., Stewart, C. R. & Hack, E. (1989) Plant Phys- 
iol. 91, 581-586. 

20. Delauney, A. J. & Verma, D. P. S. (1990) Mol. Gen. Genet. 
221, 299-305. 

21. Kohl, D. H., Schubert, K. R., Carter, M. B., Hagedorn, C. H. 
& Shearer. G. (1988) Proc. Natl. Acad. Sci. USA 85, 2036- 
2040. 

22. Kohl, D. H., Kennelly, E. J., Zhu, Y., Schubert, K. R. & 
Shearer, G. (1»D J- Bot. 42, 831-837. 

23. Delauney, A. J. & Verma, D. P. S. (1990) in Plant Molecular 
Biology Manual, eds. Schilperoort, R. A., Gelvin, S. B. & 
Verma, D. P. S. (Kluwer, Dordrecht), pp. A14: 1-22. 

24. Miller, J. H. (1972) Experiments in Molecular Genetics (Cold 
Springs Harbor Lab., Cold Spring Harbor, NY), pp. 13-23. 

25. Verwoerd, T. C, Dekker, B. M. M. & Hoekema, A. (1989) 
Nucleic Acids Res. 17, 2362. 

26. Hayzer, D. J. & Leisinger, T. H. (1980) J. Gen. Microbiol. 118, 
287-293. 

27. Abel, T. A Maniatis, T. (1989) Nature (London) 341, 24. 

28 . Giraldo, R. , Nieto, C. , Fernandez-Tresguerres, M.-E. & Dias, 
R. (1989) Nature (London) 342, 866-872. 

29. Csonka, L. N., Gelvin, S. B., Goodner, B. W„ Orser, C. S., 
Siemieniak, D. & SUghtom, J. L. (1988) Gene 64, 199-205. 

30. Csonka, L. N. (1981) Mol. Gen. Genet. 182, 82-86. 

31. Manhan, M. J. & Csonka, L. N. (1983) /. B act (riot. 156, 
1249-1262. 

32. Smith, C. (1985) /. Bacteriol. 164, 1088-1093. 

33. Dandekar, A. M. A Uratsu, S. L. (1988) J. Bacteriol. 170, 
5943-5945. 

34. LaRosa, P. C, Rhodes, D., Rhodes, J. C, Bressan, R. A. & 
Csonka, L. N. (1991) Plant Physiol. 96, 245-250. 

35. Szoke, A., Miao, G.-H., Hong, Z. & Verma, D. P. S. (1992) 
Plant Physiol., 1642-1649. 

36. Verma, D. P. S., Kaiazian, V., Zogbi, V. & Bal, A. K. (1978) 
J. Cell Biol. 78, 919-936. 


Received 03/12/2004 10:16 in 06:18 on line 
03/12/04 FRI 12:12 FAX 860 572 5280 


[33 


for RH10056 printed 03/12/2004 
DEKALB GENETICS 


10:45 * Pg 2/10 


@002 


\ 


Amiuo Acid and Protein Metabolism in Bermuda Grass 
During Water Stress*'* ;- 

N- M. Harnett 3 and A. W- Naylor 
Department of Baumy, Duke University, Durham, North Carolina ) 
Received May 51, 1966, 


%% 


Summary. The ability ox Arizona Cwnmuii ami CWhI Bwrm.idit ^"^W^: 
4,*2T(2) PersJ toiyntb«ize amino acids and proteins dunug water 
SteL 'XZfoo adds were continually synthesized durmg the water strew 
mrtnSh tat protein .ynthesis was inhibited and protein levels decreased. 
^ffi2r™ induced a 10- to 100-fold accumulation of free proline in shoot* 
JT7to^^2lJLlL of free a.parafine, both of which are charac erisuc 
refpoUs of W ater- S fcr«sed plants. VaUne level* increased, «»d glntamic acid and 

■^jES* •Stents dm* that free proline turns over more 
8 ny^erfrJai«rfno acid during water stress. This prolme is readily syntfaeawed 
5d Ululated from glutamic acid. It is suggested that during water stras free 

^SS&a&SE SKA «- *- - d ^ tcte mct » wism 

of the 2 varieties of Bermuda grass. 


In the study, of biochemical changes in plants 
under water stress condition?, Increasing attention 
has been paid to changes in nitrogen compounds. 
Proteolysis and interruption of protein synthesis 
are generally found to be results of water stress 
(6*11, 20), although both increases and decreases 
of protein have been found to follow each other 
(3). Radioisotopes have been used to show the 
effects of Water stress on RNA synthesis and de- 
gradation (4), The study presented here reports 
the effects of water stress on levels and turnover 
of- both free and protein-bound amino acids as 
shown by **C labeling. 

V\ter stress induces a characteristic change in 
the levels of free amino acids, especially a great 
increase in free proline (3,6,12) and amides (3,9). 
The accumulation of amides is thought to be the 
result of incorporation of free ammonia released 
by deamination of .amino adds, which were in turn 
released by proteolysis induced by water stress (9). 
Few attempts have been made to explain the he- 
cumulation of free proline. The origin and func- 
tion of this proline is considered in this paper. 

Two varieties of Bermuda grass have been used 
in the present study. These varieties differ somc- 
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what in their general response to water stress, and 
it was desired to see if under water stress condition* 
differences also exist in their nitrogen metabolism. 
An extensive study by Ratnam (13) showed these 
differences in drought response of Arizona Common 
and Coastal varieties: Water content and cutteular 
transpiration are higher in Common Bermuda. 
Common Bermuda leaves develop a lower (more 
negative) water potential In u given time without 
water than do Coastal Bermuda leaves, teat 
damage is generally greater and appears sooner m 
Common than in Coastal leave*. In general, Kat- 
nanVs experimental results tend to support the 
conclusion that leaves of Coastal arc slightly supe- 
rior to Common in drought avoidance. 

Materials and Methods 

Plant Material. Clonal material of Arizona 
Common and Coastal Bermuda grass ICywdon 
tktciylon (L.) Pers.] was propagated in a 2:1 
mixture of sanely loam and sand in 7 inch clay 
pots, Plants were grown in the greenhouse and 
were fertilized periodically with commercial fer- 
tilizer. The grasses were transplanted into new 
soil-sand mixture when growth censed to be vig- 
orous. Tops were cut off periodically- Experi- 
ments were conducted In fall or winter, when growth 
was slow and there was no flowering. 

Water Potential Measurement. Water potent^ 
was measured with the thermocouple psych roiwlor 
device described by Buyer (2). 

Liibelttiy of PUlnte with **CO«. 1-nbcling ox 
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periments were conducted in an isotope hood. Two 
•adjacent rows of plants in clay pots were illuminated 
-from opposite sides with 150-w reflector spot amp* 
>'sb thut shading was minimized. I*ght was filtered 
•'^through 9 cm of 0.5 % copper sulfate solution in 
: iflass tades cooled by tap water flowing through 
•idbpper coil*. Ught intensity was 1000 ft-c at the 
•'y- leaf surface. Hants were left in place throughout 
'Hthe labeling and sampling periods. Daylcngth was 
8 hours. 

' For inctioation with "CO.., a 15.8 liter bell jar 
was placed over a plant. Bell jar and plant rested 
o* a ftlass plate, to wjrirti the hell jar w« sealed 
• vrith silicone grease. A 10 ml beaker containing 
200 tie of NaH J *CO a (specific activity 25 uc 
". umolf 1 ) was suspended on a wire inside the top 
of the bell jar. The belt jar top was sealed with 
polyvinyl chloride film. To generate 'HXJj, ».l 
■" ml of 20 % lactic acid was injected through the 
film into the beaker; the film was Immediately 
«ealed with Scotch tape. After one-half honr, 0.5 
ml of concentrated NaOH was injected into the 
beaker. The bell jar was removed five minutes 
later. The maximum concentration of CO a gen- 
erated was 0.0012 %, which is small compared to 
the normal concentration of CO, in air. No arti- 
facts due to high CO, concentration were likely to 
have been induced. 

Extraction of Free A»u«o Acid*, Plant tissue 
was Wiled by boiling it for 3 minutes in 80 % (v/vJ 
ethanol. Tissue and cthanol were stored at -20 . 
The ethanol was subsequently decanted and savea, 
and-thc tissue was ground with mortar and pesHc 
with acid-washed sand and fresh 80 * ethanol. The 
homogenized sample was refhixed IS ^ minute s on a 
steam batb. The sample was centrifuge^ IS min- 
utes at 27,000 g. The * ac £™ ^ 
added to the original ethanol in which _ the tissue 
was killed. The pellet was refluxed again ia WJfc 
ethanol. This procedure of refluxmg and centn- 
tngios was done 4 times in all. once With SU|b 
ethanol, twice with 40% ethanol. and once ** 
water. All supernatant fractions were pocM. 
■ Pour extractions yielded 94% of ^ f « 
nitrogen obtained in 6 extractions (80 ft ettaM 
twice in 40% ethanol, 3 times Ul water). Pooled 
extracts were further purified by f*£?^ 0 " £ 
most to dryness at 4S» under reduced P*"^ 
taking up the residue in 2 ml of 0.1 V HCl and 
ccntrifuging the suspension 10 immitto * 1 * 
27,000 I This procedure was repeated once or 
twice j the pellet was discarded each tune. Extract 
were then purified- by the cation exchange roe^u 
,.f Wang (18), Recovery of free amino nitrogen 
in this meihod w» 91 *. This solution was re 
<lueed to dryness ami the residue was taken up m 
.i small amonnt of 0.1 N HCI. 

A«,If* nf Amino Acids. Amino . ^» j-J" 
measured on an automatic ammo K.d I «"g£ r 
flsing the 1 -column technique and buffer scm"* 
.,f Pi« a„d Morris (10). Tlie analyxcr was cali- 


brated with standard mixtures of amino acids. Ar 
the column temperature of 60'. Klutamine is cy- 
clired to pyrrolidone carboxylic acid, which does not 
react with ninhydriii. Consequently sample gluta- 
mine was not measured. Radioactivity of the an- 
alyzer stream wss monitored continuously with a 
Packard 317 scintillation detector and 320E pulse 
height analyzer. One channel of the ammo acid 
analyser recorder was used to record redioactivity. 

Extraction of Soluble Protein. One grass shoot 
(up to 15 cm high and 0-5 g dry weight) was cut 
into 1.5 cm segments and ground with 2 ml water 
and acid-washed sand wkh mortar and peak : at 
1". The homogenate was ccntrifuged at i7,0U» g 
at V for 10 minutes. The supernatant fraction was 
saved. The pellet was ground again with water 
and sand at V and rccentrifuged. The water soluble 
protein in the combined supernatant fraction was 
precipitated by adding an equal volume of 20% 
trichloroacetic acid (TCA) and allowing to settle 
at least 10 minutes. The protein was ceninfuged 
at 27,000 g for 10 minutes, the pellet was resus- 
pended in 10% TCA and rccentrifuged; then the 
supernatant was discarded. The pellet was decolor- 
iaed by twice incubating at one-half hour at 3/ 
with 2 ml of a 2:2: 1 (v/v/v) mixture of ethanol, 
ether, and chloroform, and centnfuging each jam*. 
The protein precipitate was dissolved overnight in 
1 ml of 1 N NaOH. . 

Protein Measurement. Protein ^™ ea j™ 
both by the method of Lowry et aL (8) and b> 
summing the amino acids in protein hydrolysates as 
measured on the analyzer. 

Hydrolysis of Protein. Proton solutions were 

madeto 6 N HCl in ^**^**&JS°Z 
evacuation of air, the solutions were hydro^ I * 
110* for 20 hours. The small amount of humic 
S forU was removed by filtraUon Hydrob- 
«tes were dried on a flash evaporator at 4a . 
w *er ™ added to the residue and the s*nple was 
redried repeatedly to remove excess M 2d 
hydrolysate was dissolved in 1 ml 3* citric acia 
for analysis on the amino add analyser. 

Results 

In addition to the water soluble P">*£*™£ 
acidi several other amino acids wer « : detewe d * 
Snm chromatographic analy** of « 
tracts of Bermuda grass tops. On tihe .bans « 
elnrion time and comparative co or yield 
Sw absorption) . *• "^J^T-S 
aminobutync acid, Z™"^ 11 ," {-\ r we rc pres- 
were tentatively Jdcntrf T £ 1** -v. ere P 

of *' ho,p .;°P%. r ';" ninhydrin-positivc compowncts. 
.midentified i„ amounts brpo 
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this study, was eluted between glutamic aad and 
proline. It emerged from the column about 15 
minutes after standard dtrullme, and disappeared 
upon hydrolysis with acid!. ' . 

The other unknown, labeled U, was eluted be- 
tween a-amino-butyric acid and ammonia- It 
emerged froin the column at the same time as 
standard ethanolarxrine and- o-oSo-hydroxylysme. 
It was stable to acid- hydrolysis- In an attempt 
to identify thia unknown, 2-4 ml fractions were col- 
lected during' an amino add analysis* of an extract 
of 136 g fresh Coastal Bermuda grass tops. The 
solution* in the 3 tubes containing the unknown U 
were pooled and deionized on £ 0.9 X 10 cm column 
of Dowex 50 X 8, form (7). The ammonia 
solution of the unknown" was dried at 40° under 


reduced pressure. The residue was dissolve*! in 
1 ml 0.1 N HCL Two 1 -dimensional chromato- 
grams were run, using SO of unknown, pins 
standards, on Whatmen No, 1 chromatography 
paper. Solvent systems ware 71 % phenoJ, ana 
ff-butanoUpropionic acid-water [453:22.5:322, v, 
v/v (1)1- TKe unknown chromatographed the 
same distance as ethanolamtne in both systems 
(phenol-water: unknown R F *70 r ethanolaminc 
R r .68) rt-butanol-propioni* acid-water s unknown 
Ry .55, cchanolamine Jt P -S2). The unknown u 
was therefore tentatively identified as ethanol amine. 
An experiment was conducted to determine tho 
effects of water stress on' the composition and 
turnover of both free and protein-bound ammo 
?ucids. Duplicate sets of both Arizona Common 


Tabic I. Bffecl of Water 5fr» «* Fresh irtfeM Dry Wcujhl, Total Pm >' Amb» Ac*, and W^solubh 
idoic uj} protein tn Bcrtmvfa Grttfs Stoott 


Treatment 


Water 
potential 
range* bars 


Fr. 
wt. rug* 


Dry 
wt, mg* 


Common 
Control 
Moderate 
stress 
Severe 
stress 

Coastal 
Control 
Moderate 
stress 
Severe 
stress 


-4.1 
-10 

to 
to 

-19 

<~37 

228.6 
174.4 


102.9 
69.Z 

46J 
67,6 

± 

23.2 
25.9 

<^37 



84.6 

±: 

36,1 

61.3 


28,6 

-4.1 

to 
to 

-47 
<-37 . 

34U 
179.6 

±. 

116.3 
48.6 

69.4 
52.4 

±: 

24.2 
13.9 

—33 

to 

<-37 

123 T 0 

± 

61.7 

82.6 

Sfc 

29.7 


Total free 
amino acids, 
jimoles per shoot* 


Water-soluble protein: 
pmoles hydrolyzed amino 
acids per riieot* 


tug/shoot 


Total 
amino N> 
fimoles per shoot 


8,72 
13.9 
16.7 

926 
20.4 
28.0 


3.49 

571 

43 

2.68 

7,8 

9& 


18,9** 

to& 
9*31 

237 

13.S 
9.31 


± 

:t 


3,5 
4.7 
2,41 
11.4 
5.3 
4.13 


306 

2,11 
0.95 
324 
2.07 
1,07 


27J& 
26.5 
2S.0 
33.0 
33-9 
37,3 


* Average and standard deviation of 5 determinations made In a 77-hour l*-i-l*d. 
** Four determinations only. 
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~eo eo b.o 40 So" eo 

HOURS AFTER tABEUNO 

course of change In radioactivity of 


: Fxc 2. Time D ~ - t - . 

• the free amino acifl fraction and soluble protein fraction 
in Bermuda grass witb increasing witer stress. 

Table II. CA«tf« A**"* * A^ Acids in B<mn«ds Grass Shoots wUk 

Increasing Wmcr Stress 


and Coastal ftc-timida gra^a plana* in pots were 
placed under light* in the isotope hood at the 
beginning- o£ the water stress; treatment. One-half 
of the plants were he labeled with ,4 CCL- The 
other half were given the same water stress treat- 
ments as the labeled plants but were used for fresh 
and dry weight measurements and water potential 
measurements, All stolons and branched shoots 
were removed. Each plant consisted of 15 to 20 
upright shoots 10 to IS em high. Water was with- 
held from treated plants, and controls were watered 
daily. Water potential was measured daily using as 
a sample 1 shoot from an unlabeled duplicate plant 
It was desired to label plants at each of 2 stress 
levels which were arbitrarily set at approximately 
-IS bars (moderate stress) and -30 bars (severe 
stress) respectively. These stress levels were 


fi moWgram dry wcigbt* 


Amino acid 


Control 


ComEion 

Aspartic add 
, Asparagine; threonine 
■ Serine 

Glutamic acid 
' N 

Proline 

Glycine 

Alanine 

1/2-Cvstinc 

Valine 

Isoleucinc 

^Aminobutyrlc acid 

Ammonia 
Lysine 
Histidine 
Argintae 

Totals 

Coastal 
Aspartic acid 
Asparagine; threonine 
Serine 

Glutamic acid 
N 

Proline 

Glycine 

Alanine 

1/2-Cystinc 

Valine ^ 

fsoleucine 

y-Afnlnob»ryric acid 
U 

Ammonia 
Lysine 
Histidnie 
Argjnina 

Tolitls 


11.8 ± 
24.6 ± 

9.9 =fc 

287 ± 

< 2.7 

1.8 ± 

31.9 ± 

a ± 

Vi ± 


94.3 
0.5 


± 


8.9 

Z3 

9-2 


1.3 
12.3 

07 

2.1 

36.6 
0.4 


Moderate stress 

4J 

± 

1.8 

29.8 


137 

8.3 


27 

10.5 


4.8 

30.5 


23.0 

17 


LI 

15-2 

it 

3.8 

3-5 


1.6 

0.9»*:± 

0.4 

7.0 


44 

0.8 


0.2 

78.0 


54.0 

07 


0.1 

0.5 


0.1 

0.8 

:£ 

03 


Severe stress 


±l 

3.5 

64.2 

it 

17.1 

1L0 


4.5 

47 


L9 

0.8 

± 

0J 

69.3 


35,0 



07 

11.6 

± 

42 

0.6**zt 

01 

7.(1 


2.1 

\2 


0.4 

4.3 


1,4 

\5 


0.9 

55.4 


26.4 

1.0 


0,4 

L4 

± 

0.3 

2-5 

2: 

0.1 


211.5 

7.0 
9.4 
7.9 
22.3 
0.9 
< LI 
0.3 
2L4 


192.9 


246i 


5.9 
3.3 
U 
77 
0.1 

0.2 
6.9 


1J ± 0.2 


4.5 * 
■i- 


50.8 
0.4 


128.0 


37 
17.3 


9.0 

«+- 

4.2 

60.1 

=fc 

2ii 

18.5 


7,9 

177 


6.5 

1-3 


03 

138.0 


64,0 

27 


13 

173 


4.9 

0,8** 


12.1 


37 

25 


1.9 

8.4 


3.2 

1.8 


0.4 

SLS 

:£ 

25,6 

2.2 


0.6 

17 


0.1 

17 


0.5 


97 


17 

62.5 


29.9 

13-4 

± 

63 

5*4 


23 

07 


03 

126.0 


34.0 

1JB 


0.4 

J3.1 


63 

Oi* 


01 

S.4 


3.2 

1.6 

± 

07 

47 

-f- 

0.9 

1.4 


OS 

48.5 


&2 

13 


0.4 

U 


0.2 

IS 


07 


377.4 


302.5 


* Averse and standard deflation of 4 ™*'c* of a**" 1 ' 
each up to 15 cm Ion* an* wcWkhI aniroxiniatelj M K»» 
Tbrce or 4 determinations only. 


TSntrXdiorf* 5 »" oth«. The xvere 
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readied at 5 and 7 days without water, respectively. 
On these Jays separate plants of each variety were 
labeled- with 200 **CO s - as described above. 
Separate ' shoots were excised from each of the 
labeled plants for measurement bf free amino acids 
and of protein-bound amino acids at 1, 5, 12, 29, 
and 77 hours after the end of the labeling period, 
Fresh weight, dry weight, and water potential were 
measured on shoots from unlabeled duplicate plants 
every day during the 77-hour sampling: period after 
labeling. 

A summary of the measurements made is given 
in table I. Daring the 77-hour sampling period, 
water stress was 'increasing- The highest water 
potential measurement given was made at the time 
of labetfngi and it decreased .thereafter* Therefore 
all averages of measurements made during the 
sampling period apply, to the entire period when 
water potential, was changing, and not to any av- 
erage water potential. 

Total free amino acids dotibled' in Common and 
tripled in Coastal shoots (table I) at maximum 


water stress employed. At the siime time, water- 
soluble protein decreased in stressed shoots to Ics- 
than half that of controls. The siun of free hw\ 
protein-bound amino acids for each variety remained 
almost constant among all treatments. 

The time course of changes in W C labeling of 
the total free and water-soluble protein-bound amino 
acids h shown in figure 2. Initial incorporation 
of *<C was greatest into, and the most label was 
retained in, the free amino acid fraction from 
moderately stressed shoots. Incorporation of label 
into the free amino acid fraction of severely 
stressed shoots was not as great as for moderately 
stressed shoots, but again more label was retained 
than in controls. Greater treatment differences 
were found in the incorporation of label into pro- 
tein. Controls accumulated label into protein con- 
tinuously during the sampling period. Label in 
protein from moderately .stressed shoots reached a 
maximum after 5 hours and declined thereafter. 
At the 77th hour the amount label in protein 
from moderately-stressed shoots was only 20 % that 


Table in. Effect of iVatcr Stress on ProUb% Composition 
Average and standard deviation of 4 measurements for Common control, 5 for all others, 
not determined and not included in calculations. Amide N not determined. 


Cj'Strae and tryptophan 


Amino add 

Control 

Mole percent 
Moderate 
stress 

Severe 
Stress 

Conmion. 










Aspartk acid 

10a 

± 

U 

9.0 

■± 

12 

9.1 

■HH 

1.1 

Threonine 

4.9 


05 

4.0 

-t- 

OS 

4.4 


0.4 

Serine 

4,9 


0.2 

47 


0.3 

5.1 


0.6 

Glutamic acid 

H.O 


UJj 

ns 


0.4 

US 


0.8 

Proline 

5.5 


OS' 

6.0 


0.4 

S.5 


07 

Glycine 

9,7 


0.4 

11.0 


07 

11.0 


07 

Alanine 

99 


as 

10.9 


0.4 

10.9 


0.3 

Valine 

6.3 


0.5 

8-5 


0.4 

8.4 


0.6 

Methionine 

1.4 


0.6 

l/> 


0.6 

17 

± 

0.3 

IsoJeucine 

5,5 

± 

0.6 

62 


1.0 

5.4 


02 

Leucine 

9.1 


0.6 

9.6 


0.4 

9S 


OS 

Tyrosine 

XI 

-t- 

02 

3.9 


0.3 

3.1 


OA 

Phenylalanine 

4.1 


02 

4.2 


02 

4.1 


OS 

Lysine 

CS 


0,3 

57 

■±r 

OS 

62 


0.8 

Hisridine 

IS 


0.2 

1.6 

db 

OS 

1.7 


0.3 

Arginine 

4.5 


0.5 

27 

=n 

0.6 

3.1 


0.5 

Coasra.1 










Aspartic acid 

9.2 


OS 

92 

dt 

0,9 

97 


OS 

Threonine 

4.6 


OS 

44 


OS 

42 

H- 

0.4 

Serine 

5.0 


02 

4.8 

=fc 

OS 

5.4 


1.0 

Glutamic acid 

11.1 


0.6 

11.6 

±1 

OS 

11.4 


0.9 

Proline 

5-9 


OS 

S& 


0.5 

5.4 

dfc: 

0.9 

Glycine* 

9.9 

± 

OA 

1L1 


as 

107 


OS 

Alanine 

102 

± 

OS 

10.6 


0.5 

10i> 


0.5 

Valine 

8.2 


02 

8.5 


0,3 

87 


0.2 

Methionine 

17 


0.4 

1.9 


0.1 

1.6 


0.5 

iMOleitcfoc 



02 

5JI 


0.3 

5.3 


0.3 

Leucine 

« 


02 

9.6 


OS 

9,t 

z£ 

07 

Tyrosine 

3.1 


OS 

2.9 


02 

27 


0.3 

Phenylalanine 

4.4 


07 

4.1 


02 

3.9 


OS 

Lysine 

6.0 


o* 

5.6 

± 

0.5 

6.2 


03 

Hisrirtine 

LB 


02 

1.8 


03 

17 


0.2 

Asinine 

3.9 


OA 

2,9 

± 

05 

3.1 


0.5 
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g 10 «p * *>• ■»"''"' 
mows *ftb» L«MU»e 

Fio 3 Chances in specific activity of i«rtWid»mJ fn* 

of controls. Vety.Httle label was £ 
protein from severely stressed shoo*, fhc jj ca 
support the conclusion that free amine ; «.rts 
mdily synthesized during w*er .^ s | n b ^S 
w readily Incorporated into protcm *t in unstress 

controls. : tl< K«uli«il fret nmino 

Changes in amounts of itidnnduu^ CT V ;„ 

nchto with increasing water *f c f i" 
ubie II. The free amino «c«» ^ 
control fchoott of both *»«.*» were »Jwrtarjg I 
that Common .hoot., eontrined I more Umj^ « 
much free asparagme as C °*??\££t£ n ra rios 
comparison of the hh^ydlow ligh ^"pJJ^,. 
for the ninhyrlrin reaction product* oE W"*"*" . 
und t^ine. and from P^^SR"** 
mild acid hydrolysis of nunficd freejj h 
extracts, it was found that the astparRK""- 


•Jl« ANII I'MOI'lilN MKTAlSpl.lSM '227 

of shoot, i* much greater than the *«^« ~»" 
tout. Therefore the combined HSiwn.sine-thrt-on.r.«. 
peak wa» calculated as nspamginc. fhe increase 
in this peak during water strcs* was also jliici.. 
increased wpanigine content. *™ JZ, 
cntmtim. increased «r**»ti«dly dunflff ^ 
stress to 10 w 125 times its control vUne- At the 
ST 5n* valine content tripled, and gtau.™ 
acid and alanine concentrations decreased. 

acid* that became most highly labeled (flK 3 J. -V, 
ptrt k «W, glutamic acid, y^^™!»*\££ 
Liaratfine all iiicoi'Pvralcd ...mewl al W l-«*>- 
S t e free amino acids found in the control* 
except SSSTli-m. more highly lube ed ,j the 

Shclcd slowly . The low specific activity of pro me 
olSre! , d» fa* that the *reat ° * P olu 

1 SSge, »n the amino acid comp^tion of ^r- 

£f Sre iSSo^n decrease in threonine 
-"SS«- in the ^f^^STS 

The higher ^ fl "=j£'3J n of Common shoot?, 
attributed to the seller ^e °* f , hc , whcn 

which resnto in ^ .^^'^o^' of label, 
plants were exposed to «iuai in() 

The specific act vuy » ttr *^S*,£*« t shoot* 
wids from control or f fJe ^ivity of 

level off a ter 5 or ™**"£ y jff« rtiS s«\ *fcoot* 

The specific ? '^t^rcted to mew. 

although ^/^J^'^SSne couM he 
To tct whether or not pn • s 

thesiscd from tfutanlic " fo?,b»t*l with 

control and Jrc-g ^ ^ c<mttol 

j;1iitani»c acid-U- 1 «~ '*» . . r nt , t wa tor^l 

Anot«BWl2iho«tP f 7' m ' ,^£X Placed i» ^5 

for 6 days were «s«yJ j ^i, e P a , cctrffmse 


^jBjan An o tub snow 


oono j<*/ oca vw ;.t:tt trno^/ZT/en 
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Fia 4. Changes In specific activity of individual soluble protein ammo acids from «C0 2 -!abe3ed Bermuda grass 
shoots. Specific activities were calculated from average prorein. composition values far Common Bermuda controls aid 
the measured radioactivity f igures. 


To the water was added 3>0 ^ic of randomly labeled 
"C-glutamiC acid, monoammoniuzn salt; specific ac- 
tivity . 10 mc mmole-" 1 * Watjer was added to the 
vessels in 0.02 ml increments to replace that taken 
up by the shoots. One control and 1 stressed shoot 
were killed In boiling 80% ethanq! after 1 hour; 
the other 2 shoots were killed after 3 hours. 
Amino acid extracts were made in the usual manner, 
except that the ion exchange purification step was 
omitted, Radioactivity and ninhydrin-positivc com- 
pounds were measured on the analyzer. 

Results are shown in table IV* About half of 
the. amino acids, plus at least 11 ninhydrin-negative 
compounds, became labeled both In control and 
stressed shoots* Proline was very slightly labeled 
in controls, but specific activity was fairly high 
because of the low amount present, The proportion 
of recovered label la proline from controls was less 
than 1 % at both sampling times* whereas this pro- 


portion in stressed plants was 6,0 % at 1 hour and 
somewhat less than 8.6 % at 3 hour*. The actual 
activity in proline was 25 and 16 times greater in 
strewed plants than in controls at I and 3 hour.* 
respectively. It is concluded that water-stressed 
Bermuda grass shoots convert glutamic acid to pro* 
line, and accumulate the newly synthesized proline, 
much more readily than do well-watered shoots. 
Turnover of new proline was also very slow; la- 
beled praline was still being accumulated 3 hours 
after labeling. 

The data of tabic TV also show that glutamic 
•aeid-U-"C disappears at about equal rates from 
stressed and control shoots. The largest amounts 
of label were recovered in several ninhydrin-ne^i- 
Uve peaks cluted before aspartlc add. These peaUs 
represent sugars and organic acids which wonM 
ordinarily have been lost if the sample had hecu 
purified by the ion exchange method, 


ftnn RJi 
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^*.. .? »■• I 1 1 li 


Control 
(-3,3 tars) 


Compound 


Stressed 
(-25.2 tars) 
1 3 


* ■ 

/:;V^iihartlc acid 
: v ' As^iBT^ne wtd threonine 

^Glutamic acid 
v.fttoline 
: v r^yone . . 

^Aminobutyric acid 


Totals 


71 
53 
S3 
83 
120 
77 
11 
12 

65 
10 
75.5 
19 
IS 
2GS 

2 

77 

8 
40 

1 

1 

4 
3 

2* 

91-5 
1130 


170 
250 

si 

53 


2.4 

3 
31 

7.1 
16 
188 

6.5 

28 
S 

11 
2 
2 


24 
854 


14 
12 
410 
50 
2 
47 

35 

1 

2 
1 
63 

790 


67 
194 

173 

101 

* ► ■ 
14 

" S 
67 
34 
15 
192 
101 

H 
1 
28 

"{ 
1 
1 
2 

12 

1170 


* iifctivity jxKOts only. 

was detected as a result of wa er f^ teln arginine 
he interpreted to n»» * the ^ ^i„ e . 

involves the Joss of some ar £° ,n «J . tein 
poor P^dn. J^mhemo^ the o««> P ^ 
ginine may account tor tnc 
rise in free argininc. photosynthesis, 
During severe water ^ hesis all 

atarch accumulation, and prown *n«* Bcnm ,da 

inhibited to ««.*2gr-JSS3 to label free 
prass shoots enough ,4CO = ^ 1V( »<- 
froline that turned over ^'Jj show that jessed 
glutamic acid ' abc,,,, «S^ ( a c V rt u.rc proline newly 
shoots readily ^^I X do control 
Resized frnn, ^ 0 t ,«beVc<l fidta. may 
shoots, the slow ^'?°^ r " Hne ttt taliolism. 
also reflect an If'^wn of J promt vmX 
Free proline may he M JJ'« aler stress, 
for bath carbon and are inhibited, 

when both starch and P™"*" pe ^tilteed for 

Such a storage compound mignc Pe 

growth npon "^"'^ of frce amino acids ac- 
The changes m tajjb «i ^ arc 

Sffi^ttS. *23 »• w * ter strC98ed c,tn * 


Discussion 

... Soluble protein levels in Bermuda 
found to decrease with increasing water stress. 
Chen , et at (5) have reported wc«ssive increase 
decrease, and a second increase in P»*em leveu 
with increasing stress in e.trus seedlings. These 
changes parallel Stocked (15) *??*™> " aCt S 
and "restitution phases of drought "g^-™ 
data presented here do not fit this pattern. How 
ever, the Bermuda grass data "J™ 
water stress levels, while the ertrt* *gJJJJ 
taken at strict time intervals after withholding 

W *The marked loss of protein-bound arginine ta 
(stressed Bermuda grass shoots has not been re 
ported for other plants. Th5s loss may .reflect a 
preferential hydrolyaU of arginme-nch prote.ru 
Such proteins are found in «^ 1 £ ) rf ffJ.J 
ribosomes (16). Water stress can i»du« h„ an 
increase (19) or a decrease (14) in ntosornal RNA. 
hut ribosomal proteins and nuclear P"*f™»Jg5 
not been investigated in connection w>«i water 
>tress. However, bade nuc ear and nboswnal pro- 
teins as a whole are rich in lysine as well as in 
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seedlings (3), pumpHn roots (20), and cut rye- 

^Th^lghout this/study, possible * 
nitrogen metaboiiem between Commou and Caastol 
varieties were sought*. During water stres^ frtc 
proline accumulated to the highest limf* m C***™ 
shoots Under well' Watered -condifcotis Common- 
ihoots botdrined the large* amount .of .free as- 
paraguie. \ Aside from :these*mxndf observations, no 
difference* >ere detected that iright acxvc a* a 
basis for explanation of tfee. known differences in 
drought- response, Such differences are jitdl beat 
explained on anatomical and roof ohological grounds 
(13). *;V, . • • '-' 
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Table J I continued 


Onfcr MalvaJes 
FAMILY MALVACEAE 


Abmilon albescens 
Abutilon oiocarpum 
Lavatera plebeja 

lei vet 

leaves 
shoots 

- 1.6 

-36.1 
-19.8 

8b 

«b 
D+ 

213 

arid coral island 
halophyte 
arid sandy 

20 
2B 
2B 

Order Myrtales 
FAMILY MYRTACEAE 
Melaleuca uncinata 

^ shoots 

-23.0 

D+ 


arid sandy 

2 B 

Order Sapindales 

FAMILY SAPINDACEAE 
Oadonaea attenkata 
Neurodendron oteifolium 

shoots 
shoots ' 

-23.9 

— M,2 

ND 
trig 


saline 
arid sandy 

2B 

■* n 
i o 

Order Verbenales 
FAMILY VERBENACEAE 
Avicennia marina 

leaves 

-33.8 

gb 

265 

tmenJdai mangrove 

2B 



Division ri 

DICOTYLEDONS 
Hefbsceae (ftindimeniaJIy herbaceous) 



Genus and species 

Tissue 

Osmotic 
potential 
(10 s Pa) 

Name 

Ooium compound 
timcA. g diy wi -1 
or (.g fresh wT 1 ) 

Ecology or habitat of 
collected specks 

Assay 
method and 
reference 

Order Arterites 

FAMILY ASTERACEAE (Composite) 
Aster iripolium shoots 
shoots 

Centaurea metitensis shoots 
Chcndrilia jurtcea shoots 
Erigeron bonariensis shoou 

-24.9 

-15.4 
-14.4 

-19.2 

gb 

gb,(P) 
ND 
ND 
8»> 

164 

(29) 

68 

salt marsh 
coastal 
arid sandy 
arid sandy 
salt marsh 

1 A 
W 
2B 
2B 
2B 


I 
| 


Helichryium apicutatum 

bdolaena leprolrpis 

Matricaria maritime 

Minuria teptaphylta 

Myriocephahts iruanii 
Piuchea lanceotata 
Senecio spaihularus 
Scmrhus olemceus 
Vistadlnia cuneaia 
Waixzia acuminata 
Wedeiia btfiara 

Order Brassi cafes 
FAMILY CRUCIFERAE 

CakiU marUima 

Cochlearia officinalis 

Kapha nus saliva 

Order CaryphylWes 
FAMILY AIZOACEAE 

Mcsembryanthcmum crystaltinum 

Psilocaulon <Haw) Scbwauies 

Tetragania expanse 
FAMILY CAROPHYUj\CEAE 

Spergularia marina 

Sperguhsria media 

Order ChenoporfiaJes 
FAMILY CHENOPODIACEAE 

Anhrocnemum haiocnemoides 

Arriptex canescens 

Atriplejt hatimus 
Aniplex hastata 


shoots 
shoots 
shoots 
shoots 
shoots 

shoots 
shoots 
shoots 
shoots 
(eaves 


shoots 
shoots 
shoots 


shoots 
shoots 
tops 

shoots 
shoots 


shoots 
leaves 
leaves 
(eaves 
shoots 


-16.4 

ND 

-27.2 

ND 

-6.4 

gb,D+ 

-50.6 

gb 

-10.0 

ND 


gb 

-15.3 

pb 

-21.2 

ND 

-17.2 

gb 

-15.9 

ND 

-9.3 

dsp 

-14.9 

ND 


gb.(P) 


ND 


ND 

-38.3 

2 0+ 


ND 


gb.(f) 


gb,(P) 


-59. J 


-18.1 


gb 
gb 
gb 
gb 


55 
175 


42 


trace 
trace 


280 
279 
323 
418 
75 


arid sandy 

arid saline 

coastal sand dune 

halophyte 

arid sandy 

hor regions of India 
coastal sand dune 
dry saline 
arid sandy 
dry saline 
dry coral Island 


sand dune 
coastal 

grown in 100 mrool NaCl 


200 mmoJ NaO 
saline 


coastal 
coastal 


halophyte 
halophyte 
halophyte 
halophyte 
halophyte 


2B 

2B 

i A 

2B 

2B 

41 

2F 

2B 

2B 

2B 

2E 


J A 
W 
2D 


2Z 
2B 
5J 

W 

w 


2B 
3H 
5 J 
3H 
2B 


f 

m 

f 
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Table II continued 


Artiptex hortensis 



g° 

Atriplex inflata 

shoots 

-34.7 

** 

AtHpttx nummularia 

leave* 

-37.7 

gb 

Atriplex patula 

leaves 


ftb 

Atriplex psfudocampanutata 

shoots 

-40.2 

gb 

AtripUx rosea 

shoou 


gb 

Atriplex semibotraia 

shoots 

-35.6 

gb 

Atriplex xpongioso 

leaves 

-34.7 

gb 

Atriplex suberecta 

leaves 

-13.9 

gb 

Atriplex ifsicaria 

shoots 

-62.0 

gb 
gb 

AtripUx wootinii 

leaves 


Babbagia acroptera 

shoots 

-43.6 

gb 

Bassia brachyptera 

shoots 

-43.2 

gb 

Bassia imricarta 

shoots 

-48.1 

gb 

Bassia lanicuspus 

shoots 

-31.2 

gb 

Bassia parvijlora 

shoots 

-27.1 

gb 

Bassia patenticuspis 

shoots 

-31.3 

gb 

Bassia auinquecuxpis 

shoots 

-32.0 

gb 

Bassia stettigera 

shoots 

-22.3 

gb 

Bassia tricuspis 

(hoots 

-31.9 

gb 

Beta eycla 

leaves 


gb 

Beta marilima 

leaves 


gb 

Beta trtgyna 

leaves 


gb 

Beta vulgaris 

leaves 


gb 

Chenopodium album 

leaves 


gb 

Chenopodium bonus-henrieus 

leaves 


gb 

Chenopodium batrys 



fc* 

Chenopodium foetidum 

whole plam 


gb 

Chenopodium nitrariaceum 

shoots 

-32.9 

gb 

Chenopodium pseudomicrophyllm 

m shoots 

-33.4 

gb 

Chenopodium urbicum 

shoots 


gb 


84*107 


3 H 

223 

haJoohvfc 

2 B 

152 

halophyte 

■ 2 B 

112-223 

halophyte 

1 LI 

236 

halophyte 

Z D 

94 


< r 
? j 

249 

haJophyie 

2 B 

340 

haiophyie — grown in 



500 mmol NaCl 


260 

. saline 

2 B 

231 

halophyte 

2 B 

284 


5 j 

187 

halophyte 

2 B 

J79 

halophyte 

2 B 

214 

halophyte 

2 B 

272 

halophyte 

2 B 

169 

haJophyie 

2 B 

168 

halophyte 

2 B 

171 

haiophyie 

2 B 

193 

arid saline 

2 B 

205 

haSophyie 

2 B 

287 


3 j 

195 

sab marsh 

5 J 

179 


5J 

223 

salt resistant 

5} 

(04 


SJ 

190 


3H 

129 


4K 

123 

sea-shore 

5 J 

173 

halophyte 

2B 

92 

halophyte 

2B 

37 


5J 


s 


d 
I 

i 


Chenopodium vuharia 

Corispermum mancktUic 
Conspermian tamnoides 
Enchyiaena totnentosa 
Hablitzia tamnoides 
Halimane portulacoldes 
Kochia trichcphyUa 
Kochia scope ria 
Moire ana sp. 
Maireana appressa 
Mairrana pyramidasa 
Maiacocera trieome 
Orbtone sibirica 
Pachysomia tenuis 
Rhogodia spinesvens 

Salicornip quinquejlora 

Saticomla fructicosa 

Salicorm'a europaea 

Satsola kail 

Salsola kali, tetmndra 
tongifolia and rigida 

Spinacia oteracea 

Suaeda martiima 
Saaeda monoica 
Threlkeldia sahuginosa 
FAMILY AM A RANI HACEAf 
Achyranthes aipera 
Achyranthes aipera 
Amaranthus caudatus 
Amamnthus caudatus 
Amaranshus retroflexus 


leaves 

whole plam 

shoots 

shoots 

shoots 

whole plant 

shoots 

whole pfeztf 

whole plant 

shoots 

shoots 

shoots 

shoots 

shoots 

shoots 

shoors 

shoots 

shoots 

shoots 

shoots 


leaves 
leaves 
shoots 
leaves 
shoots 

whole plant 
shoots 
leaves 
leaves 
whole plant 


-31.0 
-20.5 


-28.8 
-39.4 
-31.8 
-42.7 

-39.2 
-32.3 
-30,7 


-53.1 
-29.7 


-7.0 


gb 
gb 
gb 
gb 
«b 
gb 
gb 
gb 
gb 
gb 
gb 
gb 
gb 
gb 
gb 
gb 
g* 
gb 
gb 
d 

gb 
gb 
gb 
gb 
gb 
gb 

gb 
gb 
gb 
gb 


(58 
97 
12 
35 
216 
83 
238 
81 
189 
323 
269 
278 
36 
133 
333 
152 
181 
174 
«5) 
81 
present 
rn all 4 
23 
162 
(63) 
340 
203 

22 

46 
186 
82 


halophyte 

frost resistant saft marsh 


haiophyie 
halophyte 
haiophyie 
haiophyie 


halcptiyie 
haiophyie 
wet saline 
wet saline 
coastal 

coastal dunes 


"It resistant 
salt resistant 
wet saline 
wet saline 
haJophyte 


diy coral island 


3H 

3J 

5J 

5J 

2B 

3J 

1 A 

51 

5J 

2B 

2B 

2B 

2B 

5J 

2B 

2B 

2B 

4L 
W 

5i 

4M 
3H 
5J 

2w,x 
2 CD 
2B 

6N 

2E 

3H 

5J 

5J 


r 

f 
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Order Limiale* 
FAMILY LABI AT AE 

Ajuga auitratis 

Eremostachys spectoso 

Lamium album 

Lagochilus hirrus 

Lagochilus inebrious 

Lagochilus plarycatyx 

Lagochilus pubescens 

Lagochilus setulosus 

Uonurus turkesanicus 

Marrubium vulgare 

Marrutrium vulgare 

Sideritis moraam 

Stachys beionicaefloro 

Stachys hissarica 
FAMILY MYOPORACEAE 

Eremophila miichtUi 

Order Polygenies 

FAMILY POLYOONACEAE 
MitehUnbedtia cunninghamix 
Polygonum aviculare 
Polygonum dlvaricaium 

Oder Planlaganaks 

FAMILY PLANT AGIN ACEAE 

Plant ago corottopus 

Planiago maritima 

Order Primulakt 
FAMILY PLUMB AGIN ACEAE 
Armeria maritima 


shoots 


-14.1 


shoots 


shoou 


.shoots 
shoots 
shoots 


shoots 
shoots 


shoots 


-18.4 


-t9.3 


ND 
pb 
pb 
pb 
pb 
pb 
pb 
Pb 
Pb 

OH-pb 

D+ 

pb 

pb 

pb 

D+ 


arid sandy 


-22. 1 trig 
ND 
ND 


ND 
ND 


- 19.8 0-ab.[P) 


25 
140 
57 
36 
101 
50 
91 
105 
19 

57 
52 

33 


arid sandy 


arid sandy 


arid saline 


coastal 
coastaJ 


salt marsh 


2B 
O 

o 

3,4 P 
O 
O 
O 
O 

o 

60 
2B 
O 
O 
O 

2B 


2B 
5i 
5J 


W 
1 A.W 


I A.Y 


I 
I 

r> 
% 


Ummonium vulgare 
Ummonlum vulgare 
Plumbago capensis 
FAMILY PRIMULACEAE 
Glaux maritima 

Order Solanales 

family convolvulaceae 

Evolvidus alsinoides 

family solanaceae 

Cf strum par qui 
Lycfum barbarum 
Lycium chinense 
Lycium ferocissimum 
Lycoperjicon esculemum 
Nicotiana veluiina 
Solatium esuriafe 

Order Umbellate* 
FAMILY UM8ELUFERAE 

Daucus carota 

Erynglum marUimum 


shoots 

-24.7 

0-ab,<P) 




0-ab,(P),tmkh 

50 

shoots 


ND 


shoots 


gb.(P) 

trace 

whole plant 


gb 


leaves 

-13.3 

D + 


whole plant 


«b 

333 

leaves 


Kb 

166 

leaves 

-24.5 

gb 

J50 

leaves 


*8 

0.5 

leaves 

-15.3 

ND 


shoots 


trig 


shoots 

-18,1 

ND 


shoots 


ND 



salt marsh 
halophyte 

coastal 


arid sandy 


saline 

100 mmol Nad 

saline 

arid sandy 


100 mmol N«CI 
coastal 


I A 

4.6 R.S 
Y 

W 


4,6 T 

2B 

5J 

3H 

2B 

I CD 

2B 

2B 


ID 
W 


MONOCOTYLEDONS 


Genus and species 

Order GfaminaJes 

FAMILY GRAMINEAE 
Fesraceae (Tribe) 
Festuca rubra 
PuccMUo distorts 


Tissue 


Osmotic 
potential 
<I0? Pa) 


Name 


Onium compound 
Mfl&ol. S dry wt~' 
or (.g fresh wt" 1 ) 


Ecology or habhal of 
collected species 


Assay 
method and 
reference 


shoots 
shoots 


gb,(P) 
gb,(P) 


(I9> 
trace 


coastal 
coastal 


W 
W 


s 


no© 
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Table tl continued^ 


PucciiuUia mariiinta 


-22.7 

gb.(P) 

2.6 

salt manh 

1 A,W 

Agrositae 
Agroffis Boloatferv 
AmmopHlla armaria 

•shoots 
shoots 

— B t 

gb.CP) 
ah 

(15) 
1 13,(70) 

coastal 

coastal dunes 

W 
1 A.W 

Horde ae 
Agropyrcn junceiforme 
Agropyron pun gens 
Trincum vulgare 
£tvunis afttiOfto 
ffardeum vulgare 

shoots 
shoots 
shoots 
shoots 
shoots 

-18.1 
-15-17 

gb 

It) 
gb 

gb 
gb 

(23) 
(80) 
64 
(77) 
30-80 

coastal 
coastal 

grown in 100 mmol NaCI 
coastal 

grown in 150 mmol NaCI 

W 

w 

1 D 
W 
1 D 

Avenese 
A vena sativa 

f%mlhnttia CO£SDitOSa 

i hoots 
shoots 

-17 
-27 

gb 
gb 

18 

grown in 100 mmol NaCI 
saline 

1 D 
2B 

Chloride* 
ChJaeis QciculoHs 
Chioris gayana 
Sponina ongUco 
Spcnina townsendii 

shoots 
shoots 
shoou 
shoots 

-37 
-25 

gb 
gb 

gb,dsp,(P) 
gb.dsp,(P> 

85 
4 

(120) 
258 

halophytc 

grown in 1 50 mmol NaCI 

coastal 

salt mush 

2B 
1 D 
W 
1 A 

Erag rosiest 
Oiplachne fusca 

shoots 


gb 

40 

saline gravel 

1 U 

Lcptureae 
Lepfurus repots 

shoots 

-8.5 

gb 


arid coral island 

2E 

5porobokae 
Sporoboius virginicus 

shoou 

-20 

gb 

101 

salt manh 

2B 

Paniceac 
Spinifcx hlnuius 

shoots 

-12 

gb 


coastal sand dune 

2F 

Maydeae 
Zee mays 

shoots 

-13 

gb 

7 

grown In 100 mmol NaCI 

I D 

Zoysieae 
Zoyzia macraaha 

shoots 

-15.5 

gb 

26 

sah marsh 

2B 

Uncertain 








E 


5 

S 

a. 
JO 

tc 

I 


Ampkipogon cariciruu 
Sienotaphrum secundaium 
Triodia irritons 

shoots 
shoots 
shoots 

-22 
-13 
-28 

gb 
gb 
gb 

saline 

75 sail marsh 
61 arid 

2B 
2B 
2B 

Order tilUlcs 

FAMILY UUACHAE 
Asphodflut fislufcsus 
Dianeita rrrolma 

shoou 
shoou 

-14.5 
-14 

ND 
trig 

saline 
■rid sandy 

2B 
2B 

Order Cyperafes 

FAMILY CYPERACEAE 
Carei arenaria 
Scirpus marirtmus 

shoots 
shoots 


ND 
ND 

coastal 
coastal 

W 
w 

Order Juncales 

FAMILY JUNCACEAE 
Junciu gtrardil 
Jimcus marhimui 

shoots 
shoots 


ND 
ND 

coastal 
coastal 

w 
w 

Order Aponogetonaks 
FAMILY ZOSTERACEAE 
Zostera marina 

shoots 

-26 

ND,(P) 


2Z 

Order Juncaginales 
FAMILY JUNCAGINACEAE 

Trigtochln maritrma 

Posidorua sp 

shoou 
leaves 

-23 
-26 

ND.(P) 
dsp 

sail manh 

1 A.V 
2Z 


'CUssifl cation according to Hutchinson ( 1973). 
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Drought and salt tolerance: 
towards understanding and 
application 

Kent F. McCue and Andrew D. Hanson 

Only a few desirable traits in plants are understood at the molecular 
level. Fewer still are amenable to manipulation by molecular 
biological techniques currently available. The accumulation of 
glycine betaine, an osmoprotectant compound implicated in drought 
and salt tolerance, may be one such trait 


By far the most important factors 
limiting crop productivity are en- 
vironmental stresses, of which lack 
of water (drought) is the most 
serious 1 . Salinity is also a major 
constraint; this is a significant 
problem in the USA because it af- 
fects some of the otherwise most 
productive agricultural areas, in- 
cluding almost 30% of California's 
irrigated land 2 . Increased drought- 
and salt-tolerance have therefore 
been major objectives of plant breed- 
ing programs for regions where rain- 
fall or irrigation supply is limiting, 
where soil salinity is high, or where 
water quality is poor. Although con- 
ventional breeding methods have 
had some encouraging successes, 
overall progress has been slow 1 . This 
has focused interest on the possi- 
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bi lilies of genetic engineering for 
drought- and salt-tolerance 3 . Is this 
interest justified? We think it is, 
provided that it is tempered by an 
understanding of the inherent limi- 
tations of the genetic-engineering 
approach. 

Adaptations of plants to stress 

Plants have evolved many types of 
adaptations to drought and salinity 
which can be classified as belonging 
to one of four levels. The most 
complex mechanisms, requiring the 
interplay of many gene products, are 
at the developmental level; the 
simplest, perhaps involving only a 
single gene product, at the bio- 
chemical level (Fig. 1). Unfortu- 
nately, with the current levels of 
knowledge of plant genetics and 
metabolism, genetic engineering can 
only be applied to biochemically 
definable traits; desirable but com- 
plex traits remain out of reach. Such 
complex traits include water-use 
efficiency (the amount of dry matter 
or harvestable yield produced per 


unit of water used) 4 , root mor- 
phology and anatomy 5 , and the 
ability to exclude salt while main- 
taining water flow through the 
plant 8 . While biochemical adap- 
tations do lie within reach of genetic 
engineering, our understanding of 
integrative processes in plants is not 
yet adequate for predicting whether 
alteration of these traits will trans- 
late into beneficial effects at the crop 
level. 

Osmoprotectants in plants 

What kinds of biochemical stress- 
resistance traits are sufficiently de- 
fined for genetic engineering? Here 
we present the case in favor of 
glycine betaine accumulation, begin- 
ning with some background on the 
physiology of drought and salt 
stress. A problem for all living organ- 
isms in dry or saline environments is 
to maintain water content; this is 
achieved by solute accumulation, 
which lowers solute potential. The 
solutes accumulated in the cytoplasm 
must be non-toxic ('compatible') 
with respect to metabolic processes; 
that is, they should not interfere 
with protein structure or function 
when present at high concentrations 7 . 
Only a few types of organic com- 
pounds (osmoprotectants) meet this 
requirement; quaternary ammonium 
compounds such as glycine betaine 
are among the commonest of these, 
and occur in bacteria, cyanobacteria, 
algae, higher plants and animals 8 . 
Other osmoprotectants found in 
diverse organisms include various 
polyois, the amino acid proline, 
and tertiary sulfonium compounds. 
Many other solutes, especially in- 
organic ions such as Na + , Cl~ 
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and S03", are quite toxic. For 
salinity stress, where the cytoplasm 
may be exposed to elevated levels of 
toxic ions, protection of protein 
function in the presence of such ions 
fhaloprotection') is desirable. Stud- 
ies with cyanobacteria have shown 
that of several compatible solutes 
examined, only glycine betaine pro- 
vided haloprotection, relieving the 
inhibitory effects of high salt levels 
on enzyme activity 9 . 

Figure 2 shows the chemical struc- 
tures of glycine betaine and some 
other osmoprotectants found to ac- 
cumulate in plants, and the legend 
gives information on their taxo- 
nomic distribution. Glycine betaine 
accumulation is quite widespread, 
occurring in species from many large 
plant families such as the Asteraceae, 
Chenopodiaceae, Poaceae and 
Solanaceae 10 . Interestingly, glycine 
betaine does not accumulate in 
many important crop species such as 
tomato, potato and rice, all of which 
have relatives which are accumu- 
lators. This makes such species good 
targets for genetic engineering of the 
glycine betaine pathway. Some of 
the less common osmoprotectants 
shown in Fig. 2 may also become of 
interest for genetic engineering as 
more is learned about them. 

A very important point about the 
accumulation of glycine betaine (and 
probably other osmoprotectants) in 
higher plants is that this accumu- 
lation is restricted largely to the 
cytoplasmic compartments of the 
cells (Fig. 3a). The compartmen- 
tation of glycine betaine depends, 
presumably, upon specific transport 
mechanisms, but very little is known 
about betaine transport systems in 
plants, and it is not clear whether or 
not such transport systems are speci- 
fic to betaine-accumulating species. 

Glycine betaine biosynthesis 

The synthesis of glycine betaine 
requires only two enzymes in a two- 
step oxidation of choline (Fig. 4). 
The first enzyme, choline mono- 
oxygenase (CMO), has been partially 
purified and characterized from 
spinach 24 . CMO is localized in the 
chloroplast stroma; it is stimulated 
by Mg 2+ and has a pH optimum of 
~8. The reaction catalysed by CMO 
requires molecular oxygen and re- 
duced ferredoxin 24 . The second 
enzyme is betaine aldehyde de- 
hydrogenase (BADH). The majority 
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Some relationships between stress resistance and biotechnology. Crop 
stress resistance can be viewed as the sum of traits expressed at four levels 
of organization. At the highest level are developmental traits (e.g. time of 
flowering). Below this come structural traits (e.g. rooting patterns or leaf 
waxiness). The next lower level comprises physiological traits such as water- 
use efficiency. At the lowest organizational level are metabolic or biochem- 
ical resistance traits; since these traits can be construed in terms of smalt 
numbers of enzymes (gene products}, they are potential targets for 
biotechnology, though it is difficult to predict the impact on crop yield of 
intervening at the biochemical level. The organizational levels are framed by 
a triangle whose width is proportional to our ability to predict the effects of 
genetic manipulation on stress resistance at whole-plant and crop levels; for 
example, intervention at the developmental level resulting in an earlier/later 
time of flowering will predictably after stress resistance, whereas the effects 
on resistance of altering metabolic traits, such as betaine accumulation, are 
harder to predict 


r—Fig.2- 


CH- 

CBj-N-CHa-C^. 
CH 3 

Glycine betaine 

CH 2 CHj 

CH- CH-Ct 

✓ N v. 
CHg CHg 

Proline betaine 

CH, 

i 3 o 

CHa-N-CH^-CHo-C* 
CH 3 

P-Alanine betaine 



CH 2 CH 2 


( 


2 

H H 

Proline 


t 

CH-Ct 


CK. 


^S-CH 2 -CH 2 -C^ _ 


p-Dimethylsulf onioproplonate 

Some compatible solutes found to accumulate in higher plants. Certain of 
these occur very widely, such as proline. Glycine betaine accumulation 
occurs in several large and important families including the Asteraceae, 
Chenopodiaceae and Poaceae. Other betaines have a more limited distri- 
bution, such as proline betaine found in the Fabaceae and the Lamiaceae, 
and ^-alanine betaine in the Plumbaginaceae. Other compatible solutes are 
also limited in occurrence, such as D-pinitof found primarily in the Fabaceae 
and some Caryophyllaceae, and p-dimethylsuifoniopropionate, found in the 
marine grass Spartina. (Data from Refs 10-13J 
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Glycine betaine as a compatible cytoplasmic solute in plant celts, (a) Typical 
patterns of osmotic adjustment and betaine accumulation in leaves of salt- 
stressed plants of the family Chenopodiaceae. Spinach is representative of 
moderately salt-tolerant plants of this family, whereas Atriplex spongrosa is a 
more hafophytic species. In both species, as salt is added to the growth 
medium, the leaves accumulate betaine and other solutes, maintaining their 
solute potential below that of the medium by a fairly constant 0.6 to 1 MPa. 
This differential provides the driving force for growth and water uptake. (Data 
from Refs 14 f 15.) (b) The major solutes which accumulate in salinized leaves 
are Ate* Cl~, organic acids, and glycine betaine, Salinization causes 
relatively little change in vacuolar and cytoplasmic /C + levels. Na+ and Cr 
accumulate mainly in the vacuole, end betaine mainly in the cytoplasm 
(chloroplasts + cytosol). The vacuole occupies about 90% of the cell volume, 
and the chloroplast and cytosol about 5% each. Hence osmotic adjustment of 
the bulk of the cell water is achieved with Na+ and CI', which are readily 
available from the salinized growing medium, but are toxic to metabolism. 
Glycine betaine, which is non-toxic but energetically expensive, is used for 
osmotic adjustment only in the crucial metabolic compartments. {Data from 
Refs 16-21.) 


of BADH activity is in the chloro- 
plast stroma, although there may 
also be a minor cytosolic isoform. 
BADH has a preference for NAD + , 
and has a similar pH optimum to 
that of CMO 25 . We have recently 
cloned cDNAs for BADH from 
spinach 26 , and are currently working 
on the cDNA cloning of CMO. 

The activities of the glycine be- 
taine synthetic pathway enzymes are 
regulated by osmotic stress. CMO 
activity is increased threefold by 
treatment of spinach plants with 
200 mM NaCl 24 , Likewise, BADH 
protein and mRNA levels are in- 
creased several-fold by salt treat- 
ment 28,27 . At present, it is not known 
whether control of BADH mRNA 
amounts is at the transcriptional, or 
post-transcriptional level, or both. 


Choline, the substrate for CMO, is 
ubiquitous in nature and its bio- 
synthesis is under feedback control 
in all plants tested 28 " 30 . A priori, it 
therefore seems likely that the 
supply of choline would be adequate 
to support the additional demand 
caused by introduction of the gly- 
cine betaine biosynthetic pathway. 
However, this assumption should be 
treated with caution; species appear 
to differ in the involvement of sol- 
uble versus phospholipid-bound 
intermediates in choline synthesis, 
perhaps indicating differences in 
compartmentation of the pathway or 
its end product 31,32 . 

Towards engineering of target 
species 

Glycine betaine accumulation 


does not occur in many important 
crop species into which genes can be 
inserted with current technology. 
Some of these betaine-deficient 
species, such as rice, tomato and 
potato, are probably the most prom- 
ising targets for genetic engineer- 
ing; the fact that these have betaine- 
accumulating relatives makes it 
more probable that enough choline 
will be available in the chloroplast to 
sustain high rates of betaine syn- 
thesis, and that the transport mechan- 
isms required to maintain proper 
compartmentation of betaine will be 
present. 

What might be the effect of intro- 
ducing the betaine pathway into a 
non-accumulator on productivity 
under stress? As yet, this cannot be 
answered directly. However, , com- 
paring biomass yields of wild-type, 
betaine-accumulating maize geno- 
types with those carrying a naturally 
occurring betaine-deficiency mu- 
tation showed a yield advantage of 
about 12% for the betaine-accumu- 
lators at a dry site in Mexico (C. 
Lenna, J. Bolarios, D. Rhodes and 
A. D. Hanson, unpublished). An 
effect of this magnitude on produc- 
tion is the most that can reasonably 
be expected from introducing a 
single trait 33 . 

Having selected a target crop 
species, a number of assumptions 
must be made in order to proceed 
(Fig. 5). For example: glycine betaine 
is osmoprotective in a wide variety 
of organisms, so it is likely to func- 
tion similarly in plants that do not 
naturally accumulate it, though this 
will need to be proved for each target 
species. The biosynthesis of glycine 
betaine from choline is fairly well 
understood and as genes are isolated 
for both steps in the pathway, we 
may assume that they will include 
the sequences necessary for targeting 
to the chloroplast. The production of 
the necessary levels of active en- 
zyme product should be attainable 
using constitutive promoters already 
available, although these will prob- 
ably not reproduce the stress- 
inducibility which characterizes the 
natural betaine pathway. Whether 
correct localization of glycine be- 
taine in the cytosol and chloroplast 
will occur is not predictable at this 
point. We do know that non- 
accumutators such as tobacco show 
active uptake of supplied glycine 
betaine 34 , although die subcellular 


9TVH30: 0829 ZZS 098 XVH ,£Z;*T (I3M *0/0T/£0 

SZ/S 6d * 9V'Zl V002/0L/£0 paiuu^ 9S00LHa JO± Itf ouii uo 9q:6L ui 9Z = ZL V00Z/0L/£0 paAiaoay 


T1BTECH - DECEMBER 1 990 [Vol. 8] 
r— Fig. 4 


361 


2H + 
O, 


H 2 0 


H + 


2Fd r.« *™» 


CH, 


A. 


CH,- *N-CH -CH.OH 
I 

CH 3 


Choline 


NAD(P) + NAD(P)H 

VT /" f». \ J «. 

— ^* CH,- + N-CH 2 -CH(OH) 2 ^> CH,- + N-CH,- 


CMO 


BADH 


-H z O 


3 - "a 
Betaine 


+ H z O 


CHv- + N-CH„-CHO 


Betaine aldehyde 


The biosynthesis of glycine betaine in 
plants 7 ****. The product of the CMO re- 
action is the hydrate (gem diol) form of 
betaine aldehyde, which is in spontaneous 
equilibrium with the carbonyl form. It is 
not known which form of the aldehyde is 
the substrate for BADH (betaine aldehyde 
dehydrogenase}. 


location of the absorbed betaine has 
not been determined- 

Supposing the preceding assump- 
tions hold, then transgenic plants 
which accumulate betaine in the 
appropriate compartments will be 
obtained. Field performance of these 
transgenic plants will then have to 
be compared with controls, in the 
absence and presence of stress. 
Suppose that performance (yield) 
under stress is improved, but is 
poorer in the absence of stress, and 
that betaine accumulation proves 
not to be stress-regulated in the 
engineered plants. Such an outcome 
would indicate the desirability of a 
more ambitious engineering project 
- the engineering of stress-induci- 
bility, which could be achieved by 
placing the genes of the pathway 
under the control of an osmotically 
responsive promoter. Isolation of 
such a promoter is possible (but has 
not yet been done), but its proper 
functioning would probably require 
trans-acting factors as well as signal 
detection and transducing machin- 
ery to be present in the target plant. 
If the elements of such a network are 
not present, their identification and 
isolation would demand mulch ad- 
ditional basic research. 


r- Fig. 5- 


Possible engineering problem! ; 

We have indicated several 
which engineering glycine 
accumulation into transgenic 
may not be straightforward, 


ways in 
} >etaine 
plants 
ahd that 


ENGINEERING CONSIDERATIONS 


A A A A 


Hypotheses (assumptions) about: 
*| * Value of target pathway 

* Trade-offs * metabolic costs & Unbalances 

* Transport & localization of pathway products 

* Required enzymes & their regulation 


Gene isctelion, manipulation 
& transformation < 


No « 


No - 


«— Ko 


-NO 


- NO 


Gene products correctly targeted? 
J, Yes 

Adequate expression of enzyme activity? 
4 Yes 

Is pathway expressed & appropriately regulated? 
J, Yes 

Are pathway products compartmented correctly? 
^Yes 

Is there acceptable plant productivity? 
J, Yes 

Is there an increase In stress resistance? 
4 Yes 

| Breeding program [ 


Engineering considerations in modifying plant stress resistance by biotech- 
nology, tt is important to note that for stress resistance, as for many other 
desirable biochemical traits, the essential metabolites, enzymes and genes 
involved are not yet completely understood. Therefore, in order to proceed, 
numerous hypotheses or assumptions must be made. These can only be 
tested by actually undertaking the engineering of a target species. 
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the effect on stress resistance is not 
predictable. Such uncertainties can 
only be confirmed or dismissed by 
carrying out some pioneering engin- 
eering experiments (Fig. 5). Until the 
genes for CMO and BADH are intro- 
duced and the transgenic plants 
evaluated, we cannot be certain that 
these genes are sufficient for betaine 
synthesis and accumulation. Correct 
targeting of the enzymes to the 
chloroplast is another possible ob- 
stacle, especially when transferring 
genes from monocots to dicots 35 . 
The substrate choline must be 
present in the chloroplast; this may 
require in-situ synthesis or the 
proper transport mechanisms, and 
the known differences in the bio- 
synthesis of choline between 
plants 31 - 32 may affect the choline 
availability. Comparrmentation of 
glycine betaine may depend upon 
specific transport mechanisms in the 
chloroplast envelope, tonoplast and 
plasma membrane, possibly not 
present in all plants; this can be 
substantiated only after successful 
transfer of the biosynthetic pathway. 

Successful expression of betaine 
accumulation might, in itself, create 
problems. Betaine synthesis could 
compete detrimentally with choline 
utilization in phospholipid syn- 
thesis, causing an overall poorer per- 
formance in the engineered plant. 
There could also be more general 
effects resulting from increased car- 
bon and nitrogen partitioning into 
the betaine synthetic pathway; al- 
though calculations suggest that 
these should be inconsequential 38 * 37 , 
there is no way of being certain in 
advance. 
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Summary 

The value of proline accumulation as a criterion in selecting for drought-tolerance, was evaluated in four 
tobacco culnvars of differing drought-tolerance. Proline determination, measurement and calculation of a 
membrane integrity index (MO), and ultrastrucrural observations were conducted simultaneously under 
controlled environmental conditions during the stress period Water stress of increasing severity 
(0.2 * 0.3 MPa d" l ) that ranged from light ( - 0.52 MPa) to severe (-2.51 MPa) was induced by withholding 
water; A substantial accumulation of proline was observed in all four cukrvars, the extent of which cor- 
related positively with their individual drought-tolerance. Ultrastrucxural observation indicated that the 
drought-tolerant cultiyars mobilized the, more than adc*ruare, store of starch to a greater extent than the 
drought-sensitive cultivars during stress. Water stress-induced membrane damage occurred earlier and 
was* much more severe in the drought-sensitive cultivars, as their MQ-values already rose to between 
20.4 % and 23.4 % at a * L of - 1 37 MPa, while those of the drought-tolerant cultivars only reached values 
of 18.5 % and 20,9 % at a * t of - 1.67 MPa. The * L at which proline levels start to increase dramatically 
(the shorter the response time the better) and the end concentrations of proline accumulated, are ad- 
vocated as criteria to be used in selecting for drought-tolerant tobacco genotypes as early as the F r or Pr 
generations. 

Key words: Nicotian* tabacum L., membrane integrity* proline accumulation, selection criterion, starch 
content, ultrastructure, water stress. 

Abbreviation: MQ - membrane integrity index. 


Introduction 

Within the leaves of many plants subjected to moderate or 
severe water stress, one striking change in nitrogen metabo- 
lism is the accumulation of free proline as a result of net de 
novo synthesis from glutamic acid (Barnett and Naylor, 
1966; Boggess et aL, 1976). Water stress-induced proline accu- 
mulation can account for as much as 1% of the dry leaf 
matter in many species; this, however, only takes place if 
there arc adequate carbohydrates present in the tissue 
(Hsiao, 1973). Proline has been shown to ameliorate the del- 
eterious effects of heat, pH, salt, chemicals and dehydration 


on enzyme activity and organelle systems (Ahmad et aL» 
1979; Bowlus and Somero, 1979; Nash et aL, 1982; Yancey 
and Somero, 1979). The mechanism whereby these •com- 
patible* solutes (Schobert and Tschesche, 1978) exert their 
influence has, however, not yet been elucidated (Stewart, 
1989), nor are the molecular mechanisms underlying these 
effects completely understood. Proline action has been 
suggested to involve effects on the hydration layer surround- 
ing phospholipids and possibly also its intercalation be- 
tween phospholipid head groups (Rudolph et aL, 1986). Fur- 
thermore, it is striking that many of the solutes which 
accumulate in stressed plants and which have protective 
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properties are also reported to reduce free radical activity. 
In this regard it has been indicated that proline can also 
detoxify free radicals by forming long-lived adduces with 
them (Floyd and Zs-Nagy, 1984). Just as little is known 
about the changes which the tonoplast and plasmalemma un- 
dergo during desiccation, although leakage studies indicate 
that some changes do occur (Bewley and Krochko, 1982). 
Many of these studies have been reviewed by Simon (1974, 
1978). What is known, however, is that when enzymes, 
structural proteins, macromolecular complexes, etc., are 
desiccated in their native state, the integrity of the molecules 
and structures can be retained if some water remains asso- 
ciated with them, which prevents the formation of unfa- 
vourable conformations (Todd, 1972) or fragmentation 
Parbyshire and Steer, 1973). 

As stated above, it has been suggested for some time that 
die often observed accumulation of proline in plant tissues 
during water stress is an adaptive response (Handa et al., 
1986). It can be argued, however, that the mere correlation 
between accumulation and development of stress is not 
enough proof that the substance has any adaptive value in 
postponing stress or increasing stress-tolerance and that 
the accumulation occurs because of disturbance of normal 
nitrogen metabolism with the result that any beneficial ef- 
fects, if such exist, are merely coincidental (Kramer, 1983). 

As it is very difficult to prove that these compounds have 
an important adaptive value, this study was conducted as an 
attempt to gain some evidence, albeit indirectly, as to 
whether the ability to accumulate proline in four tobacco 
cultivars, can be positively correlated with their drought- 
tolerance, because of its protective membrane stabilizing ef- 
fects. To achieve the latter, it was deemed necessary to find 
answers to the following questions: Firstly, does a positive 
correlation exist between proline accumulation, membrane 
integrity and the known difference in drought-tolerance of 
the four tobacco cultivars? Secondly, do the four cultivars 
contain enough carbohydrates to allow proline accumula- 
tion and does the extent to which starch is mobilized during 
water stress differ among the four cultivars? Thirdly, how 
extensive are the warer stress-induced ultrastructural changes 
and do they differ in the four cultivars? Finally, which, if 
any, aspects) of proline accumulation may be useful as selec- 
tion criteria in selecting for drought-tolerance? 


Material and Methods 

In sequence of increasing drought-tolerance the four cultivars of 
Nicotian* tabacum JL under investigation, were TL33, CDL28, 
GS46 and ELSOMA- These cultivars were selected due to their dif- 
fering performances in the field during water stress periods (Per- 
sonal communication: Dr. C. J. Steenkamp, Tobacco and Cotton 
Research Institute, Rustenburg, RSA). Seed was allowed to ger- 
minate in soil in pots. The young seedlings developed under 
glasshouse conditions with optimal water application (watered once 
daily to Held capacity). Before the onset of experimentation the 
plants were moved to a growth room (photon flux density, 
400-600 u mole m" 2 s"'; relative humidity, 35%) and allowed to ac- 
climatize for a period of 96 hours. During the acclimatization peri- 
od the plants were watered twice daily to avoid their experiencing 
any water stress because of the slightly higher growth chamber tern- 
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peratures. The growth chambers were lit for 13 hours at 25 °C fol- 
lowed by an U hour dark period at 16 °C Experimentation started 
when the plants were approximately 90 days old and a water stress 
of increasing intensity (0.2 - 0.3 MPa d -1 ) was induced by withhold- 
ing wiidr. The water stresj perhod lasted for 12 days and ranged 
from light (-0-52 MP a) to severe (-231 MPa). Leaf water potential 
determinations gere done every second day with a Scholander pres- 
sure chamber (PMS-uistrument, Oregon, USA). Membrane integ- 
rity, measured as ion leakage, was carried out as described by Sul- 
livan and Ross (1979) and modified by Blum and Ebercon (1981). 
Proline concentration was determined by means of a rapid colori- 
metric method, developed for plant tissue by Bates et aL (1973). AO 
leaf samples were taken at 08:00. The sixth youngest leaf was used in 
all instances, as this represented a mature, nearly fully expanded leaf, 
before dhe onset of senescence. 

For ultrastru crura] investigation samples of 1 mm J were cut from 
the centre of the lamina, lateral to the midrib, while immersed in 
fixative, and these were immediately transferred to fixative (LS% 
gbtaraldehyde in 0-1 M cacodylate buffer, pH 7.4). After evacuation 
of 15 minutes, fixation was continued for a further 2 hours. The ma- 
terial was po&fixed for 1 hour in 0.5 % aqueous osmium tetroxide, 
dehydrated in acetone and infiltrated with resin (Spurr, 1969). For 
light microscopy semi-thin sections were made, stained with to- 
luidine blue O (Trump et al n 1961) or toluidine blue O and neo» 
fuchsin (Botha et al., 1982). For electron microscopy, thin sections 
were contrasted with uranyl acetate (Watson, 1958) and lead titrate 
(Reynolds, 1963). 


Results and Discussion 

The calculated MHWalqes (Table 1) of the four cultivars 
clearly indicate that the membranes of the drought-5ensitive 
cultivars 6TL33 and CDL28) were damaged earlier than 
those of the drought-tolerant cultivars (GS46 and EL- 
SOMA). This is evident from the fact that the MIT-values of 
TL33 and CDL2S already increased to 20.4% and 23.4 % re- 
spectively at a ¥ L of —1.27 MPa whilst the Mil-values of 
GS46 and ELSOMA only rose to similar levels Le, 20.9% 
and 18.5 % respectively at a *a of * 1.67 MPa. Furthermore, 
at the severe stress level (-2.51 MPa) the water stress-in- 
duced membrane damage was found to be approximately 
10% more in the drou^t-senshive cultivars. The value of 
the above-mentioned results is only fully realized when seen 
in conjunction with the statement of Sullivan and Ross 
(1979). These authors have been concerned with the relation- 
ships between electrolyte leakage following a shock treat- 
ment and general ability of plants to tolerate stress for 
several years. According to them, the evidence they obtained 
indicated that the degree of membrane stability to stress (as 
evaluated by ion leakage) correlates well with the tolerance 
of other plant processes to stress, even if the stress is at levels 
lower than that needed to measure appreciable ion leakage. 
These include soluble protein and enzyme resistance to dena- 
turation, maintenance of photosynthesis by intact tissue and 
other responses to stress (Sullivan and Kinbacher, 1967; Sul- 
livan and Ross, 1979; Kinbacher et aL, 1967). In the light of 
our results (Table 1 and Fig. 1) regarding membrane integrity 
of the test plants, and because it is the rate of water stress-in- 
duced membrane injury that is estimated through the meas- 
urement of electrolyte leakage from cells (Blum and 
Ebercon, 1981), it may be said that not only the membrane 
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Table 1: Waur stress-induced proline accumulation and changes in 
the membrane integrity index of four cultivars of Nicowm* tah** 


Cukivar 

MPa 

Proline conc^ 
mraol kg' 1 
dry maw 

% of 

• 

control 

Mil % of 
• 

control 

TL33 

-032 

0.60±0.01 

100.0 

0.0*0.0 


-077 

1.91 ±0.04 

318.5 

3.810.6 


-\27 

3.40*0.9 

566.7 

20.4*07 


-U7 

372*0.4 

620.0 

22.4*03 


-1.97 

930*03 

1583.3 

30.4±0.4 


-232 

1835*03 

3019.7 

383±0.8 


-231 

35.66*07 

59433 

51.1 ±0.9 

CDL28 

-032 

0.81 ±0.02 

100.0 

o.o±ao 


-077 

1.99*0.01 

245.7 

43±0J 


-177 

330*03 

407.4 

23.4 ±0.8 


-1.67 

5.45*0.4 

672.8 

28.4 ±0.9 


-1.97 

5.82*0.9 

7183 

323 ±0.9 


-2.32 

1626*0.4 

2007.4 

36.1 ±03 


-231 

3272*03 

39777 

52.8 ±0.6 

GS46 

-0.52 

ai7±o.oi 

100.0 

0.0±0.0 


-0.77 

L19±0.04 

700.0 

62±0.1 


-127 

2.12*0.03 

1247.1 

7.4±0.8 


-1.67 

6l83*03 

4017.6 

183±07 


-1.97 

14-16 ±oa 

8329.4 

29.4 ±0 7 


-2.32 

3070*0.8 

77647 

40.6±07 


-2.51 

41.90*07 

4647.1 

42.9±0.4 

ELSOMA 

-032 

038*0.01 

100.0 

0.0*0.0 


-0.77 

139*0.02 

418.0 

6.8±0.9 


-1.27 

2X5*0.9 

5393 

8.9±03 


-1.67 

1171*03 

3081.6 

20.9±03 


-1.97 

2372*02 

624Z1 

267*0.6 


-2.32 

4478*03 

1784.2 

323*0.4 


-231 

47.62*07 

2531.6 

41.1*03 


MH - Hl-fT/TJ/l^d/CJ] X 100 where according to Blum and 
Ebercon (1981), T and C refer to mean of treatment and controls, 
respectively, and subscripts 1 and 2 refer to initial and final conduc- 
tivities, respectively. 


systems of the drought-sensitive cultivars, but also their phy- 
siological processes in general were damaged earlier. Fur* 
thennore, the extent of the water stress-induced damage, as 
reflected by the steeper slope of the Mil-curves (Fig. 1), was 
much more severe in these cultivars. In keeping with the idea 
that the water stress-induced membrane damage was much 
more severe in the drought-sensitive cultivars, it should also 
be noted that at a *i of -2.51 MPa, membrane damage in 
these cultivars was irreversible. Dhe latter statement is sup- 
ported by the fact that the Mil-values represent the per- 
centage of membrane injury due to desiccation (Blum and 
Ebercon, 1981) and these values of the drought-sensitive cul- 
tivars exceeded 50% at a ft of -2.51 MPa (Table 1). 

According to Bewley and Krochko (1982) direct evidence 
that species specific differences in membrane composition or 
protein structure contribute to the tolerance of plants is gen* 
erally lacking. This view is shared by Schwab and Heber 
(1984) who concluded that drought-tolerance cannot be ex* 
plained by a particular membrane structure which makes the 
membrane insensitive co water stress, but must rather, 
though it may only be in part, be attributed to the composi- 
tion of the membrane surroundings, with special reference 


% Of control 



-0 -a5 -1 - 13 '23 -3 

Leal waterpotentlal (MPa) 


O CDL28 O 


Fig. 1: Effect of water stress on the membrane integrity of four cul- 
tivars of Nicotian* tahacum L. of differing drought-tolerance. 


% Of control 



-1* - 2 

Leaf waterpotential (MPa) 


T- 


- 9 




* Ttaa 

© ODLM 


« SLK3MA 


Fig. 2: Water stress-induced proline accumulation in four cultivars 
of Sicotiana tahacum L- which differ with respect to their drought- 
tolerance. 


to membrane compatible solutes. In this regard it is interest- 
ing to note that Rudolph et al. (1986) found that in the pres- 
ence of trichalose, sucrose, proline and glycine bet line, ion 
leakage is prevented. 

In accordance with the results obtained by several authors 
(Bogges and Stewart, 1980; Handa et al., 1986) in several 
species, our results showed a dramatic increase In the free 
proline levels of all four the tobacco cultivars pig. 2). At a 
of -0.77 MPa the proline levels of all four the tobacco 
cultivars already deviated significantly from the control 
values. The proline concentrations of the drought-sensitive 
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cultivars were 1.91 *«d 1.99nmot« gram- 1 respecmely, 
which is more than double the proline concentration in the 
unstressed tissue, while the proline concentration m the 
droughwolerant cultivars had already risen to 1.19 and 
139 umoles gram" 1 , which is four times more dhan the pro- 
line concentration in the unstressed tissue. The base proline 
levels of the drought-tolerant cultivars proved to be lower 
than those of the drought-sensitive cultivars (Table 1). Of 
greater importance, however, is the fact that the drought- 


tolerant cultivars were able to accumulate rolinc earlier and 
to much higher end concentrations. At a ¥ £ of -1.67MPa 
the proline concentrations of both drought-sensitive cul- 
tivars were just a little more than six times those of the 
controls, while that of GS46 was 40 times higher and that of 
ELSOMA, 30 times higher than their respective controls. At 
the severe stress level of -2.5lMPa the amount of proline 
accumulated by ELSOMA was more than three times higher 
than that of both drought-sensitive cultivars and that of 



Kg. 3: Differencial water stress-induced 
ukrastrucrural changes in four tobacco cul- 
tivars of differing drought tolerance: (a) 
CDL28 (* t - -0.52 MPa); (b) ELSOMA 
(* L - -0.52 MPa); (c) CDL28 (*t - 
-1.97MPa); (d) ELSOMA (*x. - 
-1.97MPa); (e) TL33 (*l - -2.51 MP* 
(f)ELSOMA (*i - -2.51 MPa). Bar * 
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GS46 more than four times higher than both the drought- 
sensitive cultivars (Table 1). With reference to the latter two 
sets of results, it should be noted that Hsiao (1973) stated 
that sketchy indications are that the level of proline may be 
insensitive to mild stress and that accumulation only takes 
place if there are adequate carbohydrates in the tissue. The 
accumulated proline apparently came from de novo synthesis 
(Thompson et ah, 1966) with glutamate as precursor (Morris 
et xL t 1969) and there is evidence to indicara that carbo- 
hydrates are the eltimate source of the skeleton (Stewart et 
aL, 1966). 

With regard to carbohydrate reserves of the test plants the 
following observations relating to starch grains in the chlo- 
roplasts were made. Special attention was, however, paid to - 
the stare of the chloroplast envelope membranes as well as to 
that of the inner thylakoids in this investigation, is according 
to Ferrari-Iliou et aL (1984) chloroplasts can be regarded as 
the most fragile organelles in the cell. In the unstressed leaves 
of all four cultivars the presence of large starch grains was 
striking, although the leaves were sampled after only 2-3 
hours of exposure to light (Figs. 3 a and 3 b). The grana were 
found to be clearly defined, with parallel thylakoids and 
little dilatation of the intergranal spaces. Osmiophilic 
globules, some appearing more osmiophilic than others, oc- 
curred in most of the chloroplasts studied. 

After water had been withheld for 8 days {* L - 
-1.97MPa), the number and size of the starch grains of the 
chloroplasts of leaves of cultivars TL33 and CDL28 (Fig. 
3 c), showed little change from the original situation observ- 
ed in the unstressed leaves. The chloroplast envelope mem- 
branes in some cells of cultivar 1X33 were not dearly de- 
fined, while in others they were still intact. Large lipidic 
globules were present in some of the chloroplasts. Granal 
and stromal thylakoids were severly disrupted in some chlo- 
roplasts. The chloroplast membranes in leaves of CDL28 
were still intact and the position of the plasmalemma with 
regard to the cell wall showed little change, although signs of 
shrinking of cytoplasm were discernible in some cells. Few 
vesicular structures were present in the cells. Stromal thyia- 
koids showed some signs of dilatation in some of the cells, 
but the grana were still intact. The size of starch grains de- 
creased in many chloroplasts in the leaves of cultivars EL- 
SOMA and GS46 (Fig. 3 d). This was especially apparent in 
the case of G546, where many of the chloroplasts lost their 
original bulging appearance due to large starch grains observ- 
ed in all unstressed leaves. In leaves of cultivar ELSOMA, 
vesicular structures were present in some of the vacuoles and 
signs of plasmolysis could be observed. The granal and 
stromal thylakoids were still intact as were the chloroplast 
membranes (Fig. 3 d). Cells with granular vacuolar content 
were observed. Chloroplast membranes in leaves of GS46 
were still intact and the thylakoids appeared normal in most 
of the cells investigated. Vesicular structures were observed 
in many of the cells. One of the most noticeable features of 
these cells was the granular or fibrillar materia] which col- 
lected in some of the vacuoles (Fig. 4). This was also dis- 
cernible in the sections prepared for light microscopy and 
was not observed in any of die other cultivars at this stage. 

After water had been withheld for 12 days - 
-2.51 MPa), large lipidic globules, some more osmiophilic 



Fig. 4: Distinctive water stress-induced appeanece of granular of 
fibrillar material in the vacuole of cultivir G$46 after a itt of 
- 1.97MPa was reached. Bar - 1 urn. 


than others, appeared in chloroplasts of a0 the cultivars in* 
vestigatad (Fig. 3 e). Leaves of cultivar TL33 still contained 
starch grains in most of the chloroplasts (Fig. 3 e). The starch 
grains were smaller than those present in unstressed leaves. 
Cytosolic damage was very severe in some cells where 
vesicular material collected in large parts of the cell. Large os- 
miophilic accretions appearad in the degenerated cells. In 
severely damaged chloroplasts signs of bulging of the outer 
chloroplast membrane were observed. Some of the chloro- 
plasts assumed a curved shape (Fig. 3 e) and the cells showed 
signs of plasmolysis. Leaves of cultivar CDL28 still contain- 
ed cells with intact thylakoids. Some of the chloroplasts con- 
tained starch grains smaller than those observed in un- 
stressed leaves, while other chloroplasts were almost or 
completely depleted of starch. This could also be observed 
by light microscopy. Chloroplast membranes were still in- 
tact. Fibrillar material collected in the vacuoles of some of 
the cells, where the tonoplasts appeared to be poorly denned 
or damaged. Vesicular structures were present in the vacu- 
oles of some of the cells. Few signs of severe plasmolysis 
were detected. Leaves of cultivar ELSOMA contained chloro- 
plasts with smaller starch grains (Fig. 3 f). Fibrillar or granu- 
lar material collected in the vacuoles while few vesicular 
structures were observed in the vacuoles. Chloroplast en- 
velope membranes were still intact, although the first signs 
of granal and especially stromal thylakoid dilation were ap- 
parent in some of the cells. Signs of plasmolysis and curved 
chloroplasts were observed in some of the cells (Fig. 3 0* 1° 
leaves of cultivar GS46, the stromal and granal thylakoids 
appeared somewhat dilated but all membranes investigated 
were still intact. Small starch grains were present in the chlo- 
roplasts. Fibrillar or granular material was present in the 
vacuoles (Fig. 4). These cells showed little sign of plas- 
molysis. 

Thus, although no complete loss of starch was observed at 
any stage during water stress, in contrast to the situation re- 
ported by Giles et aL (1976) in water stressed leaf tissue of 
Sorghum bicolor, a decline in the starch content was observed 
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Pyrroline-5-Carboxylate Reductase Is in Pea 
{Pisum sativum L) Leaf Chloroplasts 1 

P. John Rayapati*, Cecil R. Stewart, and Ethan Hack 

Department of Botany, Iowa State University, Ames, Iowa 5001 1 


ABSTRACT 

Proline accumulation is a well-known response to water deficits 
in leaves. The primary cause of accumulation is proline synthesis. 
A'-Pyrroline-S-carboxylate reductase (PCR) catalyzes the final 
reaction of proline synthesis. To determine the subcellular loca- 
tion of PCR, protoplasts were made from leaves of Pisum sativum 
L t lysed, and fractionated by differential and Percoll density 
gradient centrifugation. PCR activity comigrated on the gradient 
with the activity of the chloroplast stromal marker NADPH-de- 
pendent triose phosphate dehydrogenase. We conclude that PCR 
is located in chloroplasts, and therefore that chloroplasts can 
synthesize proline. PCR activities from chloroplasts and etiolated 
shoots were compared. PCR activity from both extracts is stimu- 
lated at least twofold by 100 millimolar KCI or 10 millimolar MgCfe. 
The pH profiles of PCR activity from both extracts reveal two 
separate optima at pH 6.5 and 7.5. Native isoelectric focusing 
gels of samples from etiolated tissue reveal a single band of PCR 
activity with a pi of 7.8. 


Induction of proline accumulation by water deficit is a well- 
known, but little understood, phenomenon in plant stress 
physiology. Proline accumulation is caused primarily by in- 
creased synthesis from glutamic acid; the biosynthetic path- 
way is postulated to be analogous to that which converts 
glutamic acid to proline in Escherichia coli (21). The first two 
enzymes of this pathway have yet to be defined in plant 
extracts. The third and final enzyme PCR, 2 has been measured 
from several . plant sources (12, 13), and Krueger et al (10) 
have purified it to apparent homogeneity from wilted barley 

leaves. [ 

The subcellular location of proline biosynthesis has not 
been clearly established. The involvement of light in this 
process has been indicated. Noguchi et al (17) have shown 
that inhibition of PSII inhibits proline synthesis in tobacco 
leaf discs. Rajaopal et al (20) have shown that the pattern of 
proline accumulation in drought-stressed wheat parallels the 
pattern of diurnal change in light intensity. PCR activity has 
been reported in chloroplast-enriched fractions from tobacco 

1 Supported by U.S. Department of Agriculture Competitive Re- 
search Grants Office grant 85-CRCR-1-1671. 

2 Abbreviations: PCR, A'-pyrroline-S-carboxylate reductase; 
MMT, Mes, Mops, Tricine; CAPS, 3-(cyclohexylamino)pro- 
panesulfonic acid; CHAPSO, 3-([3-cholamidopropyl]-diethylam- 

! monio)-2-hydroxy- 1 -propanesulfonate; GK, 7-glutamyl kinase; GPR, 
7-glutamyl phosphate reductase; TPDH, triose phosphate dehydro- 
Igenase. 


leaves (16), but Kohl et al (9) found that in soybean root 
nodules this enzyme is in the cytosol and not in plastids. To 
obtain an indication of the subcellular location of proline 
biosynthesis in leaves, we have investigated the subcellular 
location of PCR, the only proline biosynthetic enzyme for 
which a reliable assay in higher plants is available. Our results 
indicate that, like many other amino acid biosynthetic en- 
zymes, PCR is located in the chloroplasts. We have also 
compared the properties of PCR from leaves and from etio- 
lated shoots and find that they are similar. 

MATERIALS AND METHODS 

Plant Material 

Peas (Pisum sativum L. var Argenteum) were grown in soil 
flats in a growth chamber under the following conditions: 16 
h light, 8 h dark, 20°C, 270 fimol s~ l m" 2 combined fluorescent 
and incandescent light. Plants were watered with Hoagland 
solution (7) every third day and were allowed to wilt for 1 d 
each week. The wilting ensured that increased proline synthe- 
sis was stimulated. The Argenteum variety was used because 
its leaf epidermis is easily peeled away. Protoplasts were 
prepared from peeled leaves. Etiolated peas (P. sativum L. 
var Progress No. 9) were grown in coarse vermiculite at 30°C 
in darkness for 9 to 12 d and watered with deionized water. 
Progress No. 9 was used for experiments with etiolated tissue 
because sufficient Argenteum seed was not available. 

Protoplast Preparation 

Pea protoplasts were prepared from 4-week-old leaves of 
the Argenteum variety (24). Plants were destarched by placing 
them in darkness for 24 h. Adaxiai epidermises were peeled 
and 40 leaves were floated on protoplast buffer (500 mM 
sorbitol, 5 mM Mes-KOH, 1 mM CaCl 2 , [pH 6.0]) containing 
wall digesting enzymes (2% [w/v] Onozuka cellulase, 0.5% 
[2/v] Macerozyme, 1% [w/v] hemicellulase) and 0.2% (w/v) 
BSA in 8.5 cm Petri dishes in darkness at 30°C. After 1 h, the 
digestion medium was aspirated and 10 mL of protoplast 
buffer was added to each dish. Protoplasts were released by 
gentle rocking and decanted into a beaker, then another 10 
mL of protoplast buffer was added, and the remaining pro- 
toplasts were decanted. Protoplasts were collected by centrif- 
ugation in a swinging bucket rotor at l00g ma * for 1 min at 
4°C. The supernatant was aspirated and discarded. Protoplasts 
were resuspended in 5 mL of chloroplast buffer (300 mM 
sorbital, 1 mM MgCl 2 , 1 mM MnCl 2 , 2 mM EDTA, 0.2% [w/ 
v] BSA, 50 mM Mops-KOH [pH 7.2]). 
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Protoplast Fractionation 

Protoplasts were ruptured by passing the suspension three 
times through nylon mesh at the end of a syringe 

barrel. Microscopic examination revealed complete lysis of 
all protoplasts after this treatment. The resulting suspension 
was centrifuged in a Sorvall HB-4 swinging bucket rotor at 
250£ max for 2 min. Pellets, which contained both damaged 
and intact chloroplasts, were resuspended in 3 mL chloroplast 
buffer and overlaid on a Percoll (Pharmacia) gradient. The 
gradient was generated by mixing 15 mL Percoll with 15 mL 
2x chloroplast buffer in 50-mL polypropylene tubes and 
centrifugingat 40,000g max in a Sorvall SS-34 fixed angle rotor 
for 30 min; the rotor was stopped without the brake. The 
overlaid gradient was centrifuged at 8,000£ max for 20 min in 
a Sorvall HB-4 swing-out rotor without the brake. A 12-cm- 
long, 20-gauge needle was inserted into the gradient to the 
bottom of the tube, and the gradient was fractionated into 
1.6-mL aliquots using a peristaltic pump. 

Extraction of PCR 

Because Percoll interfered with enzyme assays, protein was 
precipitated from each Percoll gradient fraction by addition 
of 2.4 mL of a 50% (w/v) polyethylene glycol (3,500 average 
molecular mass) solution buffered with 50 mM Mops-KOH 
(pH 7.2). Samples were vortexed, incubated 10 min, and 
centrifuged in a Sorvall SM-24 fixed angle rotor at 20,000^ max 
for 1 0 min. Supernatants were aspirated and the pellets resus- 
pended in 0.2 mL of 20 mM Tricine-KOH (pH 8.0), 5 mM 
MgCl 2 , 10 mM 0-mercaptoethanoI, and 20% (v/v) glycerol. 

Etiolated pea shoots were harvested and stored at -20°C. 
Five hundred g of shoots were homogenized in 500 mL 
grinding buffer (100 mM Mops-KOH, 1 mM EDTA, 20 mM 
MgCl 2 , 10 mM 0-mercaptoethanoI, 5% [w/v] insoluble PVP) 
with a Polytron tissue homogenized (Brinkmann Instruments) 
at 4 9 C for 5 min. The slurry was filtered through four layers 
of cheesecloth. After filtration, the extract was brought to 30% 
saturation with (NH 4 ) 2 S0 4 at 40°C, incubated 15 min, and 
centrifuged in a Sorvall GSA rotor at 25,000s™ for 10 min. 
The supernatants were pooled, brought to 60% saturation 
with (NH^SO* incubated 15 min, and centrifuged again. 
The pellets were resuspended in 5 ml 20 mM Tricine-KOH 
(pH 8.0) and desalted on a Sephadex G-25 column (2.5 x 28 
cm) equilibrated with the same buffer. This preparation was 
made 20% (v/v) with glycerol and stored at -20°C. 

For assays of crude chloroplast preparations, PCR was 
rapidly extracted from chloroplasts by the following modifi- 
cation of the procedure used for gradient purification of 
chloroplasts. The 250g pellet from a lysed protoplast suspen- 
sion was resuspended in 6 mL of chloroplast buffer and 
recentrifuged at 250g for 2 min in a Sorvall HB-4 rotor. This 
pellet was resuspended in 2 mL of lysis buffer (20 mM Tricine 
[pH 8.0], 0.1 mM PMSF, 1 mM DTT) plus 1% (w/v) 
CHAPSO. After 10 min at 4*C, the sample was centrifuged 
in a Sorvall SS-34 rotor at 43,500* max for 15 min at 4*C The 
supernatant, which was yellow-green, was assayed. 


Assays 

The following assays were performed as previously de- 
scribed. NADPMependent triose phosphate dehydrogenase 
was used as a-stromal marker (1 1), Chi as a thylakoid marker 
(11), Cyt c oxidase as a mitochondrial marker (1), and 
catalase as a peroxisome marker (2). The general PCR assav 
buffer contained 50 mMTricine-KOH (pH 8.0), 1 mM DTT. 
200 /im NADH, and 2 mM D,L-A^pyiroIine-5-carboxylate 
(d,l-P5C). For the subcellular fractionation experiments the 
buffer also contained 100 mM KC1 and 0.01% (w/v) Triton 
X-l 14. d,l-P5C was prepared by the method of Williams and 
Frank (26). P5C-dependent NADH oxidation was measured 
at 340 nm. The extinction coefficient of NADH (6.2 mM _i 
cm -1 ) was used to calculate PCR activity. Kinetic parameters 
were determined by iterative fitting of the Michaelis-Menten 
equation (25). 

Isoelectric Focusing 

A modification of a previously described method (15) was 
used. Native isoelectric focusing was carried out in gels that 
were poured and run in a Mighty Small electrophoresis ap- 
paratus (Hoefer). Gels contained 4% (w/v) acrylamide, 
0.0016% (w/v) methylene-6/s-acryIamide, 1% (v/v) NP-40 
10% (v/v) glycerol, and 5% (v/v) Pharmalytes (pH 3^10). 
Gels were run at 200 V for 2 h followed by 400 V for 2 h. To 
locate PCR, gels were rocked for 2 h in 50 mL of 40 mM 
CAPS-HQ (pH 8.5), 100 mM L-proline, 1 mM NAD + , 1 mM 
Mg(OAc)2, 100 mM KOAc, 300 Mg/mL nitroblue tetrazolium, 
20 Mg/mL phenazine methosulfate. This staining system gives 
purple bands by the reverse (proline dehydrogenase) reaction 
of PCR, which is active at pH >9. Two-mm-thick gel slices 
were also assayed spectrophotometrically for PCR activity in 
the forward reaction. Slices were incubated in PCR assay 
buffer for 15 h. Reverse activity of the same samples were 
measured spectrophotometrically as previously described 
(12). In these assays forward PCR activity was fivefold greater 
than reverse activity. 

RESULTS 

Subcellular Localization of PCR Activity 

A crude chloroplast suspension prepared from lysed pro- 
toplasts contained 25% of the PCR activity in the protoplast 
suspension (Table I). The suspension contained comparable 
proportions of two chloroplast markers, NADP+-TPDH ac- 
tivity (15%) and Chi (19%). This result suggests that PCR 
may be localized in plastids; however, the suspension also 
contained significant amounts of activity of a mitochondrial 
marker enzyme, Cyt c oxidase (6% of total activity), and a 
peroxisomal marker enzyme, catalase (13% of total activity). 
When this chloroplast-enriched preparation was fractionated 
by isopycnic Percoll density gradient centrifugation, the max- 
imum PCR activity coincided with the maximum TPDH 
activity and Chi concentration (fraction 3, Fig. 1). There was 
almost no Cyt c oxidase activity in this region of the gradient, 
but some catalase activity was apparent. The proportion of 
catalase activity recovered in fraction 3 was only one-third 
the proportion of chloroplast markers and PCR recovered in 
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Table I. Distribution of PCR and Markers in Subcellular Fractions 
from Pea Protoplasts 


Total Units' 


Percent of Total 
Along Gradient 0 


Marker 


3 mL 3 mL 
protoplast chloroplast 
suspension suspension 


Total along 
Percoll 
gradient 0 


Fraction Fraction 
No. 3 No. 17 


PCR 

TPDH 

Chi 

Cyt c oxidase 
Catalase 


0.8 

0.20 

1.02 

35 

3.3 

0.50 

0.54 

29 

5.0 

0.95 

1.44 

33 

6.3 

0.35 

0.003 

3 

4.2 

0.55 

0.14 

11 


9 
6 

21 
0 

17 


•1 unit = 1 Mmd min" 1 for enzymes and 1 mg for Chi. 'Num- 
bers in the third column represent 100%. c Sum of activities in all 
fractions. . . ■ 



1 1. Distribution of PCR activity and subcellular markers atong 
" I gradient: PCR (O). retractive index (♦). triose Phosphate 
jenase (A) CN (A). Cyt oxidase (P). and catalase (■)■ The 
(samples contained 60 mg protein. Fraction 1 is the bottom 


that fraction (Table I). The lower recoveries of Cyt oxidase 
and catalase indicate that fraction 3 contained lesser propor- 
tions of mitochondria and peroxisomes than of chloroplasts. 
Moreover, the distribution of PCR activity in the gradient as 
a whole coincided more closely with the distribution of TPDH 
than with that of catalase or Cyt oxidase. 

In three of seven replicate gradients (data not shown), PCR 
activity was prominent in the ruptured chloroplast region 
(fraction 17). This distribution suggests.that PCR is associated 
with thylakoid membranes. Several nonionic detergen s _ were 
added to the chloroplast lysis buffer to test their ability to 
dissociate interactions between PCR and thylakoids. The yield 
of PCR activity in the soluble faction from chloroplasts was 
incased twofold by NP-40, CHAPS, or CHAPSO (data not 

Sh Whoie etiolated shoots yielded 100-fold greater PCR activ- 
ity than chloroplasts from green leaves. When etjoplasts were 
purified from pea shoots on a Percoll gradient, PCR activity 
(42 nmol min^rng protein"') was detected but the yield was 
less than 1% of the PCR activity of whole shoot extract^ . The 
yield of etioplasts was itself very low: only 1 .3% of the total 
NADPMTDH activity of etiolated shoots was present in the 
etioplast fraction (102 nmol min" 1 mg protein-'V Th ese re- 
sults suggest that PCR is present in etioplasts, but do not 
Provide conclusive evidence as to its subcellular distribution 
in etiolated shoots. 

Kinetic Properties of PCR 

The specificity of chloroplast PCR for pyridine nucleotide 
cofactors was investigated. At pH 7.5 and in the _presena : of 
2 mM d,l-P4C, the enzyme had apparent tf ra s for NADPH 
and NADH of 0. 1 2 mM and 0. 19, respectively, whereas Km» 
was greater with NADPH (0.19 /.mol min" 1 mg protein ) 
than with NADH (0.1 5 M mol min"' mg protein" ). The kinetic 
parameters of PCR from etiolated shoots were also examined. 
PCR from etiolated shoots had apparent tf m s for NADPH 
and NADH of 0.1 mM and 0.43 mM, respectively. The 
was greater with NADH (3.2 pmol min- mg protein ) than 
with NADPH (0.83 jimol min '). 

There were two pH optima for PCR activity ,n chloroplast 
preparations, at pH 6.5 and at pH 7 5 (Fig. 2A) The* : opuma 
L also present in PCR prepared from etiolated pea shoots 
(Fig 2B) and similar optima were observed with both enzymes 
when NADPH was the substrate (data not shown) 

Salt stress causes proline to accumulate (3, 8). Light in- 
creases the Mg 2 ' concentration in the stroma m «« » (19). 
The effects of salts on PCR activity were investigated to test 
the hypothesis that proline biosynthesis can respond to 
changesin ion concentration. One hundred mM KC1 (Fig. 3) 
or 10 m M MgCl, (Fig. 4) caused an approximately twofold 
increase in the PCR activity of both chloroplast and etiolated 
pre^on. Potassium acetate, NH,C1, and NH 4 OAc^rj,- 
ulaied PCR activity to the same extent as KCL (Tab e 11)^ 
Maximal stimulation was observed "f"?"?^*™" 
50 and 100 mM KC1. Activity declined at concentrations 
above 100 mM; at 200 mM KC1, activities were only slightly 
higher than the control activity of the chloroplast enzyme 
SLd to a maximum at 10 mM MgQ, and did not differ 
between 10 and 20 mM (Fig. 4). Activity of the enzymes from 
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Figure 2. Effect of pH on PCR activity from pea chloroplasts (A) and 
etiolated pea shoots (B). MMT buffer used for the pH curve contained 
50 rriM Mes, 50 mM Mops, and 50 mM Tncine. HCI or KOH was used 
to adjust pH. Except for the change in buffer, the general PCR assay 
conditions were used, NADH being the substrate. Results are the 
means and standard errors of four assays. 


120 


2, 


5 * 


GO 


is 40 
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o etiolated 


• chl crop last 




20 


i g 


25 


100 

■M KC1 
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175 200 


Figure 3. Effect of KCI on PCR activity from pea chloroplasts (•) 
and etiolated pea shoots (O). Assay was as described in "Materials 
and Methods," but KCI was added. Results are the means and 
standard errors of four assays. 

etiolated tissue increased with increasing MgCl 2 concentration 
to a maximum at 5 mM, but activity at 10 and 20 mM was 
lower than it was at 5 mM (Fig. 4). Sucrose and sorbitol of 
osmolalities equal to that of 100 mM KCI did not cause any 
significant stimulation (Table II). Potassium acetate, ammo- 
nium chloride, and ammonium acetate stimulated PCR ac- 


• ch lor op last 



20 


15 | g 


S3 


Figure 4. Effect of MgCb on PCR activity from pea chloroplast (•) 
and etiolated pea shoots (O). Assay was described in "Materials and 
Methods," but MgCI 2 was added. Results are the means and standard 
errors of four assays. 

Table II. In Vitro Effects of Salts and Sugars on PCR Activities* from 
Pea Leaf Chloroplasts and Etiolated Pea Shoots 


Treatment 

Chloroplast 

Etiolated Shoot 


nmoJ min~ 

mg protein" 1 * 

Control 

4 C (1.0) 

35(7) 

Monovalent Cations 



+100 mM KCI 

9 (0.2) 

138 (31) 

+10& mM KOAc 

9(1.1) 

127 (3) 

+100 mM NH 4 CI 

10(0.6) 

162 (3) 

+100 mM NH4OAC 

8(1.2) 

142(39) 

+200 mM Sucrose 

3 (0.5) 

39 (5) 

+200 mM Sorbitol 

3 (0.6) 

39(4) 

Divalent cations 



+10 mM MgCI 2 

13(0.7) 

132(19) 

+10 mM MnCI 2 

14(1.3) 

170 (10) 

+10 mM CaCl2 

13(1.3) 

164(23) 

+10 mM Mg(OAc>2 

14(0.7) 

117(33) 

Combined cations 



+10 mM MgCI 2 + 100 mM KCI 

8(1.0) 

147(8) 


"Mean (se). Each value represents the mean of four assays. 
* Assay described in "Materials and Methods." 


tivity to the same extent as KCI (Table II). Manganese chlo- 
ride, calcium chloride, and magnesium acetate caused the 
same stimulation as magnesium chloride (Table II). The 
effects of KCI and MgQ 2 were not additive at concentrations 
that gave maximal stimulation alone (Table II). 

Isoelectric Focusing 

Separation of the pH 6.5 and pH 7.5 PCR activities from 
etiolated shoots was attempted by native isoelectric focusing. 
One zone of activity (R f = 0.44, pi 7.8) contained PCR activity 
(Fig. 5). Activity of the reverse PCR reaction (P5C dehydro- 
genase activity, pH 9.5) produced bands of purple precipitate 
in the same region. The results were the same when NADP* 
was the substrate. 

DISCUSSION 

Noguchi el al (16) described the localization of PCR activ- 
ity in a chloroplast-enriched fraction from tobacco leaves. 
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HI 

Figure 5. PCR activity (O) and pH (•) in 2 mm segments of a native 
feitectric focusing gei. R, = 

to position of a pi marker, methyl red. The general ^W*J* 
used with the addition of 1 00 m M KC This gel was f^ 0 ^ 
ydrogenase activity (pH 9.5). (A) without prohne, and (B) with 

el al (9) however, found that in soybean nodules, PCR 
localized in the cytosol and not in plastids. The results in 
#igure 1 and Table I demonstrate that in green pea leaves 
^ is present in chloroplasts, since the distribution of PCR 
-vity when leaf protoplasts are fractionated i most. closehy 
- mbles the distribution of the stomal marker NADPMriose 
osphate dehydrogenase. Most significantly, PCR activity 
most abundant in the same fraction of PercoU gradients 
as TPDH. About 25% of the PCR activity measured in 
" otoplast suspensions (Table I, column 1) was recovered in 
loroplast suspensions (Table 1, column 2), while the recov- 
1 of intact chloroplasts from protoplasts was approximately 
'to 20% based upon the recovery of NADF-TPDH and 
Because the chloroplast-to-protoplast ratio for PCR ac- 
■ is greater than the same ratios for chloroplast markers, 
s that PCR in plastids can account for all of the pea 
PCR activity. This distribution contrasts with the local- 
'on of PCR activity in the cytosol of soybean root nodules 
PCR from pea leaf -chloroplasts uses both NADH and 
3PH as electron donors, but has a lower K m and higher 
for NADPH. Thus, like PCR from barley (10) and 
-c leaves (16), it is more active with NADPH. ims 
Bty is consistent with the chloroplast localization of this 
,mt, although the enzyme from soybean root nodules is 
more active with NADPH except at very high cofactor 
titrations (9). 

=nminary evidence indicates that PCR is present in etio- 
i from etiolated pea shoots. Although PCR from etiolated 
has a lower K m for NADPH than for NADH, its K ra „/ 
with the two cofactors indicates that it is more active 
H than with NADPH. Thus, the most abundant 
the enzyme in etiolated shoots may be different from 
.leaves. 


The bimodal pH curve for pea PCR is analogous to that 
reported previously for PCR in extracts from etiolated barley 
(Hordeum vulgare) and etiolated mung bean (V.gna radiaia), 
both of which give broad P H-activity curves with optima or 
shoulders at pH 6.4 and 8.0 (4). The bimodal pH curve was 
also observed when NADPH was used as the cofactor The 
P H 7 mTnimum is not an artifact, because the pH profile : was 
reproducible with batches of MMT buffer prepared three 
different times. The bimodal curve could be .produced by a 
single enzyme or two isoforms. If there are two forms in green 
Ses, bJh are probably present in chloroplasts. The ratio of 
the pH 6.5 to pH 7.5 activities in chloroplast-ennched prep- 
arations was equal to the ratio in whole etiolated shoot 
extracts. PCR in whole protoplast extracts from green leaves 
produced a broad pH curve. Activities at pH 6 5 and 7^ were 
similar (data not shown), as in the chloroplast-ennched frac- 
tion and in etiolated shoots. There was no minimum apparent 
at pH 7.0, but the enzyme was difficult to assay precisely in 
whole protoplast extracts because * * ^."J** ™? 
investigation focused on the PCR activity with the pH 7.5 

0P The U wiive isoelectric focusing gel revealed only one region 
of PCR activity, with a pi of 7.8; the same pattern of PCR 
Sy was defected with NADH and NADPH Thus ,t 
appears that if there are to isoenzymes in etiolated shoots 
they have the same pi. An alternative explanation is thatone 
of the isoenzymes is inactivated dunng native «oetectnc 
focusing. This activity does not represent the activity of 
mtiochondrial proline dehydrogenase: the mitochondrial pro- 
Une dehydrogenase is not active at pH 9.5 (4), and it does not 
donate electrons to NAD*. The genetic basis for the pH 
dependence ofPCR activity remains uncertain^ 

The stimulation of PCR by salts is unclear but it appears 
to be a function of ionic charge. Because P°ta^«m .on 
concentrations in chloroplasts are normally around 100 mu 
the enzyme should be fully active in vivo. Changes in stromal 
pH between light and dark occur in the range that includes 
the pH optima observed in this work. Stromal pH in the dark 
is approximately 7, corresponding to the trough in activity- 
stromal pH approaches 8 in the light, so that the pH 7.5 
activity would function in the light. Proline : syntheas occure 
in leaves in both light and darkness (6, 16, 17, 23), but is 

"tSSSSS- as a redox shuttle molecule has been 
established for some mammalian tissues (20) and has been 
Proposed for nitrogen fixing nodules (9). The existence of 
such a shuttle mechanism in leaves needs to be investigated. 
If such a shuttle operates in leaves under nonstressed condi- 
ons, then the localization of PCR in chloroplasts would 
function to transport reducing potential to mitochondria in 
ZfZ of proline. To test such a redox shuttle hypothes* 
a mechanism that transports proline across the chloropl j 
envelope needs to be identified. An uncoupled redox shuttle 
mechanism would contribute to proline accumulation. If 
water deficit caused such a shuttle to become uncoupled by 
decreasing proline oxidation without decreasing proline syn- 
S^en Proline accumulation could be a symptom of 
Solic dysfunction. Because proline has biocompatiWe 
characteristics and proline accumulation is not toxic, metab- 
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olism may be temporarily shunted in this direction until 
homeostasis is regained. 

Since the product of P5C reductase is proline, the results of 
this investigation provide evidence that, like many other 
amino acids, proline is synthesized in chloroplasts. It will be 
of considerable interest to determine whether the enzymes 
catalyzing conversion of glutamate to P5C have the same 
subcellular location. 

ACKNOWLEDGMENT 

We are grateful to Professor G. A. Marx for supplying the Argen- 
teum pea mutant. 

LITERATURE CITED 

1. Chance B (1953) Techniques for the assay of the respiratory 

enzymes. Methods Enzymol 4: 273-329 

2. Decker LA (ed) ( 1 977) Catalase. Worthington Enzyme Manual, 

Worthington Biochemical Corporation, Freehold, NJ, pp 63- 
65 

3. Demming B, Winter K (1 986) Sodium potassium, chloride and 

proline concentrations of chloroplasts isolated from a haplo- 
type, Mesembrvanihemum crvstallinum L. Planta 168: 421- 
426 

4. Elthon TE, Stewart CR (1981) Submitochondrial location and 

electron transport characteristics of enzymes involved in pro- 
line oxidation. Plant Physiol 67: 780-784 

5. Elthon TE, Stewart CR (1984) Effects of the proline analog L- 

thiazolidine-4-carboxylic acid on proline metabolism. Plant 
Physiol 74:213-218 

6. Hanson AD, Tulley RE (1979) Light stimulation of proline 

synthesis in water-stressed barley leaves. Planta 145: 45-51 

7. Johnson CM, Stout PR, Broyer TC, Carlton AB (1957) Compar- 

ative chlorine requirements of different plant species. Plant 
Soil 8: 337-353 

8. Kaiser WM, Weber H, Sauer M ( 1983) Photosynthetic capacity, 

osmotic response and solute content of leaves and chloroplasts 
from Spinacia oleracea under salt stress. Z Pflanzenphysiol 
113: 15-27 

9. Kohl DH, Schubert KR, Carter MB, Hagedorn CH, Shearer G 

(1988) Proline metabolism in N 2 fixing root nodules: energy 
transfer and regulation of purine synthesis. Proc Natl Acad Sci 
USA 85: 2036-2040 
10. Krueger R, Jager HJ, Hintz M, Pahlich E (1986) Purification to 


homogeneity of pyrrol ine-5-carboxylate reductase of barley. 
*> Plant Physiol 80: 142-144 

11. Leegood RC Walker DA (1983) Chloroplasts. In JL Hall, AL 

Moore, eds. Isolation of Membranes and Organelles from Plant 
Cells, Academic Press, New York, pp 185-210 

12. McNamer AD, Stewart CR (1974) Nicotinanide adenine dinu- 

cleotide-dependent proline dehydrogenase in Chlorella. Plant 
Physiol 53: 440-444 

1 3. Miler PM, Stewart CR ( 1 976) Pyrroline-5-carboxylic acid reduc- 

tase from soybean leaves. Phytochemistry 15: 1855-1857 

14. Mizusaki S, Noguchi M, Tamaki E (1964) Studies on nitrogen 

metabolism in tobacco plants VI. Arch Biochem Biophys 105: 
599-605 

15. Ni V, Robertson EF, Reves HC (1987) Purification and charac- 

terization of cytosolic NADP specific isocitrate dehydrogenase 
from Pisum sativum. Plant Physiol 83: 785-788 

16. Noguchi M, Koiwai A, Tamaki E (1966) Studies on nitrogen 

metabolism in tobacco plants VIII. Agric Biol Chem 30: 452- 
456 

17. Noguchi M, Koiwoi A, Yokoyama M, Tamaki E (1968) Studies 

on nitrogen metabolism in tobacco plants IX. Plant Cell Phys- 
iol 9: 35-47 

18. Phang JM (1985) The regulatory functions of proline and pyr- 

roline-5-carboxylic acid. Curr Top Cell Regul 25: 9.1-132 

19. Portis AC (1981) Evidence of a low stromal Mg concentration 

in intact chloroplasts in the dark. Plant Physiol 67: 985-989 

20. Rajagopal V, Ralasubramanian V, Sinha SK (1977) Diurnal 

fluctuations in relative water content, nitrate reductase and 
proline content in water-stressed and non-stressed wheat. Phys- 
iol Plant 40: 69-7 1 

21. Stewart CR (1981) Proline accumulation: biochemical aspects. 

In LG Paleg, D Aspinall, eds, Physiology and Biochemistry of 
Drought Resistance in Plants. Academic Press, New York, pp 
243-259 

22. Taylor AA, Stewart GR ( 1 98 1 ) Tissue and subcellular localization 

of enzymes of arginine metabolism in Pisum sativum. Biochem 
Biophys Res Commun 101: 1281-1289 

23. Vansuyt G, Vallee JC, Prevost J (1979) La pyrroline-5-carbox- 

ylate reductase et la proline deshydrogenase chez Nicotiana 
tabacum var. Xanthi n.c. en fonction de son developement. 
Physiol Vegl7: 95-105 

24. Weigel P, Weretilnyk EA, Hanson AD (1986) Betaine aldehyde 

oxidation by spinach chloroplasts. Plant Physiol 82: 753-759 

25. Wilkinson GN (1961) Statistical estimations in enzyme kinetics. 

Biochem J 80: 324-332 

26. Williams I, Frank L (1975) Improved chemical synthesis and 

enzymatic assay of A'-pyrroline-S-carboxylic acid. Anal 
Biochem 64: 85-97 


